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CHAPTER 1 
General Introduction 
DNA BINDING PROTEINS 
The interaction between proteins and nucleic acids plays a fundamental role in a variety 
of cellular processes such as DNA replication, recombination, repair and regulation of 
gene expression. The specific functions of many of the DNA binding proteins participating 
in these processes are now well understood. However, the detailed molecular mechanisms 
underlying this functional behaviour remain to be clarified for a large number of systems. 
In order to determine the molecular basis of the protein-DNA interaction, the 
conformational properties of the proteins involved and that of their complexes with DNA 
have to be elucidated. Modern biophysical chemistry offers two alternatives for obtaining 
a detailed picture of macromolecules, i.e. X-ray crystallography and nuclear magnetic 
resonance spectroscopy (NMR). In the past ten years, the latter technique has developed 
into an important tool for structure determination of proteins up to 20 kDa molecular 
weight and new developments promise an extension of the applicability of the technique to 
molecules with a molecular weight of 30 kDa or even higher. In contrast to X-ray 
crystallography, the NMR methods allow the study of the structure and dynamics of 
biomolecules in aqueous solution. 
Depending on their function, the DNA binding proteins may bind to nucleic acids 
without or with a low sequence specificity or bind to a DNA target site with very high 
specificity. Likewise, these proteins may bind to a DNA double-helix and/or to single-
stranded DNA molecules. In recent years, significant progress has been made in the 
structural analysis of in particular the proteins which bind sequence-specifically to double-
stranded DNA (dsDNA). Typically, these proteins function as replication enzymes, 
transcription regulators, and restriction endonucleases. A significant number of structures 
of this class of proteins has been elucidated and models of several of the complexes of 
these dsDNA binding proteins and their target DNA sequences have been obtained. Based 
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upon these results, the dsDNA binding proteins have been subdivided into several classes, 
each class being characterized in terms of different structural motifs used tor DNA 
recognition and binding, such as the helix-turn-hehx or the basic Zn finger motifs (for a 
review, see Freemont et al, 1991) However, protein structural motifs involved in DNA 
sequence recognition have been found which are different from those classified (see e g 
Hedge et al, 1992, Nikolov et al , 1992) and it is therefore expected that more of those 
remain to be discovered 
Our understanding of single-stranded DNA (ssDNA) binding proteins and their 
interaction with DNA has not advanced that far (for a review, see Клеаіе, 1992) The 
proteins of interest perform a wide variety of functions in the cell, principally in processes 
such as DNA replication, recombination and repair In addition, they can also act as 
repressors of mRNA translation via binding to operator sequences in their cognate 
mRNAs In contrast to their double-stranded counterparts, high resolution structural studies 
of the ssDNA binding proteins have met with limited success Very recently, the crystal 
structure of the recA protein of Escherichia coll which binds to ssDNA as well as to 
dsDNA has been determined (Story et al, 1992) Of the class of proteins which solely 
bind to ssDNA, only the crystal structure ot one of its members, namely the gene V 
protein (GVP) of the filamentous bacteriophage Ff (M13, fl, and fd) has been known for 
quite some time (Brayer & McPherson, 1983) The crystal structures of the C-terminal 
chymotryptic fragment (DNA binding domain comprising residues 174-525) of the 
adenovirus single-stranded DNA binding protein (Tsernoglou et al, 1992) and ol the 
major cold shock protein of Bacillus subtilus, containing a single-stranded nucleic acid 
binding region have just been elucidated (Schindelin et al, 1993, Schnuchel et al, 1993) 
The reason for the limited number of detailed structural data on the ssDNA binding 
proteins is probably two-fold first, until recently, the number of ssDNA binding proteins 
which have been characterized and isolated in large quantities was very limited, and 
secondly, most of the ssDNA binding proteins studied sofar have a tendency to aggregate 
at moderate protein concentrations Their low solubility makes the structure determination 
more difficult because both crystallization and NMR studies require high protein 
concentrations Nevertheless, a group of prokaryotic ssDNA binding proteins have been 
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studied extensively at the molecular level These will be briefly discussed in the next 
section 
Single-stranded DNA binding proteins 
The group of ssDNA binding proteins which have been studied extensively includes 
the gene V proteins (GVP) encoded by a variety of filamentous bacteriophages, the single-
stranded DNA binding protein (SSB) of Escherichia coll and the gene 32 protein (g32P) 
encoded by bacteriophage T4 These prokaryotic proteins share the property of binding 
ssDNA in a non specific manner It is noted that the eukaryotic ssDNA binding proteins 
identified so far have not been well characterized with the exception of the adenovirus 
ssDNA binding protein (Isernoglou et al, 1984, 1992) The prokaryotic ssDNA binding 
proteins mentioned above play a role in processes as DNA replication, recombination and 
repair by unwinding the DNA double helix and subsequently stabilizing the displaced 
DNA strand 
The recA protein of E colt which binds cooperatively to both single- and double-
stranded DNA, has been characterized well in biophysical terms (for review, see Raddmg, 
1991, Kowalczykowski, 1991) Strictly speaking, the protein which fulfills a central role in 
DNA recombination and repair, does not belong to the class of single-stranded DNA 
proteins It has been shown that recA has two binding sites tor ssDNA, which are non-
ldenlical and have different kinetic properties (Zlolnick el al, 1990) The crystal structure 
of the protein has been reported not long ago at 2 3 A resolution (Story et al, 1992a) The 
molecule consists of a major central domain flanked by two smaller subdomains at the 
amino and carboxy termini The major domain of the molecule contains a mostly parallel 
twisted, 8-stranded ß-sheet that is flanked by two helices The major domain binds ADP 
(Story et al 1992b) and probably includes the binding sites tor both duplex and single-
stranded DNA The exact location of these sites remain to be established The N- and ex-
terminai parts of the molecule are involved in protein-protein interactions, the former 
stabilizing a sixfold helical array of protein subunits resembling the recA/DNA filaments 
seen by electron microscopy 
The SSB protein is essential for DNA replication, DNA repair and genetic 
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recombination in E coli and has been well characterized with regard to its function and 
biophysical characteristics (Meyer & Lame, 1990) The protein is combined into a 
homotetramer, and contains four DNA binding sites Within the first two-thirds of the 
protein, its DNA recognition region is situated As yet, no detailed structure has been 
reported for SSB, although attempts have been made to that endeavour (Ollis et al, 1983, 
Hilgenfeld et al, 1984). The other well known examples of the ssDNA binding family are 
all encoded by bacteriophages 
The gene 32 protein encoded by phage T4 plays a key role in T4 DNA replication, 
repair and recombination, by protecting ssDNA intermediates that occur during these 
processes by binding to them (for a review, see Chase & Williams, 1986) In addition, it 
also functions as a translation repressor through binding to specific RNA sequences It 
consists of 301 amino acids and contains a bound Zn ion which presence has an effect 
on the protein-DNA interaction The molecule can be cleaved into smaller subunits by 
proteolytic digestion, an N-terminal domain of 21 residues, a C-termmal part of 48 
residues and a central core molecule which harbours the DNA binding domain The 
complex formation of the g32p core fragment with DNA has been studied with NMR (Pan 
et al, 1989) These studies have implicated the involvement of two tyrosines and one or 
two phenylalanines to interact with the DNA A full structural investigation of the protein 
with NMR is very difficult as yet due to the size of the molecule, but apparently 
crystallography methods are employed to obtain a detailed view of the protein (T Steitz, 
personal communication) 
The GVP encoded by the Pseudomonas bacteriophage Pfl is also a rather large protein 
(144 residues) to study with NMR Nevertheless, NMR experiments have recently been 
conducted on the dimeric Pfl GVP These studies indicated that the protein consists of a 
globular N-terminal domain capable of DNA binding and a relatively flexible C-terminal 
domain (Kneale, 1992) The N-terminal domain contains a protein segment which is 
thought to interact with ssDNA on the basis of chemical modification studies and a limited 
homology to the so-called DNA binding loop of the M13 and IKe phage-encoded GVPs 
(Plyte & Kneale, 1991) 
The GVPs encoded by the bacteriophages M13 and IKe are much smaller than the Pfl 
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phage encoded GVP Their relatively small size (molecular weight of homodimer 20 kD) 
makes them amendable for high resolution NMR studies The GVP encoded bv 
bacteriophage M13 has been studied in most detail by biophysical and biochemical 
methods Before elaborating on its characteristics and the reasons for conducting the NMR 
studies on M13 GVP, a description will be given of the filamentous phages and their life 
cycle 
THE FILAMENTOUS BACTERIOPHAGES 
The filamentous bacteriophages form a class of ssDNA viruses (Inovindiae) that share 
morphological and structural features (for a review, see Model & Rüssel, 1988) The 
phages consist of a small circular ssDNA genome (ranging from 5 to 7 kb) encapsulated 
in a tube like protein coat The filamentous phages have been subdivided into two classes 
The phages comprising class I contain a genome which is packed in the protein tube as a 
right handed helix with the bases pointing towards the helix axis (Day, 1988) In the 
phages of class II, the bases of the viral DNA point away from the helix axis towards the 
protein coat 
The phages M13, fd, fl, IKe, 12-2 and Ifl are members of class I They share 
Escherichia coll as a host but differ in the specificity for the conjugative pili encoded by 
the host cell The genomes of phages M13, fd and fl, collectively referred to as Ff, exhibit 
a high degree of identity (>98%) and encode for GVP with identical amino acid 
sequences The IKe phage has a similar genetic organization as the evolutionary related 
phage Ff and encodes a GVP that is 40% homologous in amino acid sequence to Ff GVP 
Class II includes the phages Pf3 and Pfl, which have Pseudomonas aeruginosa, and Xf 
which has Xanthomonas oryzae as host The Pf3 and Ptl genomes have been sequenced 
entirely (Luiten et al , 1985, Hill et al , 1991), showing no significant overall sequence 
homology to either the Ft or IKe phages although some similarities in the genomic 
organization of the Pt3 phage and the Ff and IKe phages have been recognized (Luiten et 
a l , 1985) 
The life cycle of the Ff phages has been studied most thorougly and will be briefly 
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summarized in the next section. It is expected that the DNA replication and assembly 
mechanisms of the Ff phages also pertains to the genetically similar class 1 phages. 
The Ff life cycle 
One of the major characteristics of the Ff life cycle is the fact that infection does not 
lead to lysis or death of the host cell, but a state of permanent infection is established in 
which new phage particles are continuously produced. 
Infection of the host bacterium occurs via absorption of the filamentous phage to the tip 
of the conjugative pilus (F-pilus in the case of infection by the Ff phages). Subsequently, a 
penetration process follows in which, concomitant with the release of the viral (plus)-
strand in the cytoplasm, the major coat protein (encoded by gene VIII) and probably also 
the minor coat proteins (encoded by genes III, VI, VII and IX) are deposited in the inner 
cell membrane. The ensuing process of viral DNA replication can be subdivided in three 
different stages: (1) conversion of the viral strand into a double-stranded replicative form 
(RF), (2) multiplication of the replicative form, and (3) synthesis of progeny viral strands. 
For the conversion of the viral strand into parental RF, a number of host encoded 
functions are required (Figure 1.; Pratt & Erdahl, 1968; Geider & Kornberg, 1974). 
Transcription of the parental RF and subsequent translation results in the synthesis of ten 
phage specific proteins. The protein product of gene II nicks the viral strand of RF 
molecules at a unique site, thereby initiating the process of DNA replication according to 
the rolling circle replication mechanism (Gilbert & Dressier, 1968). During the nicking 
process a free 3'-OH group is generated which serves as a primer for the synthesis of a 
new viral strand by the host DNA synthesis machinery, while the original strand is 
displaced. The displaced strand is split off, covalently closed by gene II protein and 
subsequently converted into RF molecules which then also will take part in RF replication. 
The accumulation of phage DNA continues until the single-stranded DNA binding protein 
encoded by gene V of the phage has reached a critical threshold level. At this 
concentration, the GVP molecules start binding cooperatively to the displaced viral 
strands, thereby preventing their conversion into RF. The consequence of the switch in 
DNA synthesis is that the number of RF molecules and phage gene copies is maintained at 
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a constant level, so that a toxic accumulation of phage DNA and proteins is avoided The 
complexation or GVP to viral DNA forms also an indispensible prepackaging step in the 
ultimate assembly of the viral particle Concomitant with phage extrusion at the cell 
membrane, the GVP molecules are exchanged for minor and major coat proteins and 
subsequently reused in the ssDNA "entrapping' process (Pratt et al , 1974) In addition to 
its role in viral DNA replication and assembly, GVP also functions as a translational 
repressor via binding to operators in the leader sequences of the mRNA's of genes 
I,II,HI V and X (7aman, 1991) It is clear that the nucleic acid binding properties of GVP 
play a central role in the overall regulation of phage replication 
M 13 
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Figure 1 The life cycle of the F fbacteriophages (see text for the description) 
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As a pari of an ongoing research project concerning the elucidation ot the molecular 
mechanisms by which single-stranded DNA binding proteins recognize and bind to 
ssDNA, the GVPs encoded by the evolutionary related phages M13 and IKe as well as the 
Pf3 phage-encoded single stranded DNA binding protein (Pf3 DBP) are studied This 
thesis addresses detailed structural studies on GVP encoded by phage M13 High 
resolution NMR techniques have been employed to determine the structure of the protein 
in aqueous solution and to study its moleculair interaction with ssDNA 
The M13 gene V protein 
The GVP encoded by bacteriophage M13 consists ot 87 residues, and occurs in solution 
predominantly as a dimer with a molecular mass ot 19 4 kDa However, higher order 
aggregates are formed at millimolar concentrations (Oey & Knippers, 1972, Pretorius et 
a l , 1975, Porschke & Rauh, 1983, Bulsink et al, 1986) The dimcric nature of the protein 
and its tendency to aggregate also applies to the GVP encoded by phage IKe (de Jong, 
1989, van Duynhoven, 1992) and the ssDNA binding protein encoded by phage Pf3 
(unpublished results) The amino acid sequence ot M13 GVP is shown in Figure 2 and 
compared with that of IKe 
The binding ot GVP to ssDNA has been monitored by a wide variety of spectroscopic 
techniques Optical techniques such as UV (Day, 1973, van Amerongen, 1990), 
fluorescence (Alma et al , 1983, Pretorius et al , 197*5) and circulair dichroism (Day, 1973, 
Kansy et a l , 1986) have been employed to detect changes in the spectral properties of the 
protein s tyrosyl chromophores upon ssDNA binding The NMR spectrum of GVP also 
changes upon binding of oligonucleotides From these spectral changes, it has been 
deduced that in ssDNA binding one tyrosine, one phenylalanine and several positively 
charged arginines and lysines are involved (Alma et a l , 1981, King & Coleman, 1987, de 
Jong et a l , 1987) 
The binding of GVP to ssDNA is largely non specific (Bulsink et a l , 1985, 1988a, 
Stassen et a l , 1992) Electrostatic interactions play an important role as judged from the 
salt dependence of the binding (Alma et al , 1983, Bulsink et al , 1985, 1988a) With 
regard to the kinetics ot GVP binding to ssDNA, two binding modes have been 
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distinguished, the so called oligonucleotide and polynucleotide binding modes (Alma et al, 
1983, Bulsink et al, 1988b) Binding of oligonucleotides (chain length < 30 nucleotides) 
to the protein is characterized by a stoichoimetry of 3 nucleotides (n=3) per protein 
monomer, relatively weak binding (Kass « 10 M ), and low or even negligible 
cooperativity In the polynucleotide binding mode, instead, 4 nucleotides are bound per 
protein monomer (n=4) The cooperativity of the binding process is high (ω ~ 500), ι e if 
one protein has associated with a long DNA chain, binding of other molecules side by side 
is facilitated through protein-protein interactions (Alma et al, 1983, Bulsink et al, 1985, 
Stassen et al, 1992) The cooperative nature of ssDNA binding is probably reflected in the 
tendency of G VP to form large aggregates (de Jong et al, 1987) 
ι io 
M13 Met Ile Lys Val Glu Ile Lys Pro Ser Gin Ala Gin Phe Thr Thr 
IKe Met Leu Thr Val Glu Ile His Asp Ser Gin Val Ser Val Lys Glu 
1 10 
20 
Arq Ser Gly Val Ser Arg Gin Glv Lys Pro Туг Ser Leu Asn 
Arg Ser Glv Val Ser Gin Lys Ser Gly Lys Pro Туг Thr Ile Arg 
20 30 
30 40 
Glu Gin Leu Cys Туг Val Asp Leu Gly Asn Glu Туг Pro Val Leu 
Glu Gin Glu Ala Туг Ile Asp Leu Glv Gly Val Туг Pro Ala Leu 
40 
50 
Val Lys Ile Thr Leu Asp Glu Gly Gin Pro Ala Tyr Ala Pro Gly 
Phe Asn Phe Asn Leu Glu Asp Gly Gin Gin Pro Tyr Pro Ala Gly 
50 60 
60 70 
Leu Tyr Thr Val His Leu Ser Ser Phe Lys Val Gly Gin Phe Gly 
Lys Tyr Arg Leu His Pro Ala Ser Phe Lvs Ile Asn Asn Phe Glv 
70 
80 87 
Ser Leu Met Ile Asp Arg Leu Arg Leu Val Pro Ala Lys М1Э 
Gin Val Ala Val Gly Arg Val Leu Leu Glu Ser Val Lys IKe 
80 88 
Figure 2. Comparison of the amino acid sequences of M13 GVP (Cuypers et al, 1974) and 
IKe GVP (Peeters et al, 1983) Optimum alignment of the sequences is achieved when Gln21 
in IKe GVP is considered as an insertion Identical residues are underlined 
A crystal structure of M13 GVP has been reported in 1983 (Brayer & McPherson, 
1983) The proposed structure consists of a series of ß strands connected by turns, with in 
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particular one antiparallel ß-loop (the dyad loop) interacting through apolar contacts with 
its symmetry-related subunit to torm a compact dimer The interpretation of the biological 
properties of GVP function has very much relied on this structure and many physico-
chemical observations have been explained in terms ot this structure (e g see Dick et al, 
1988, 1989) Moreover, models describing the ssDNA-GVP interaction have been 
proposed on the basis of the X-ray structure (Brayer & McPherson, 1985, Hutchinson et 
al, 1990) These modelling studies, reveal a right-handed helical ssDNA-GVP complex 
with the DNA positioned on the outside The models, however, are not consistent with 
experimental data obtained from electron microscopy and neutron diffraction studies (Gray 
et al, 1982, Gray, 1989) By contrast, these studies have demonstrated that the large rod-
like nucleoprotein assemblies are left-handed super helical complexes with the DNA 
located inside the multimolecular complex 
The NMR experiments on M13 GVP go back to the late seventies, when the binding of 
oligonucleotides to M13 GVP was investigated using one-dimensional H-NMR 
Although, the M13 and IKe GVPs which have later been subjected to detailed structural 
analysis, are small proteins, they are still relatively large objects (»19 4 kDa) for NMR 
standards Efficient magnetic relaxation processes in proteins of this size result in 
broadening of its resonances and consequently the performance of NMR experiments 
which exploit through-bond scalar couplings becomes limited Moreover, the protein's 
tendency to form large aggregates, and concomitant increase in particle size, makes the 
relaxation processes even more effective 
The first detailed structural analysis by means of NMR was actually undertaken on 
GVP encoded by the bacteriophage IKe (de Jong et al, 1989) H-NMR assignments were 
obtained for part of the protein sequence which led to the identification of a single ß-loop 
structure It could also be established that this ß-loop harbours part of the protein's DNA 
binding domain This could be concluded from binding experiments with oligonucleotides 
which were labeled with paramagnetic groups (spin-labels) The use ol these spin-labels 
proved to be a good alternative for the use of unmodified oligonucleotides The advantage 
of the use of spin-labels is the fact that only small amounts (up to 0 05 molair equivalents) 
are required to achieve the desired effect, ie a significant broadening of the protein's 
General Introduction 11 
proton resonances positioned close to the spin label, thereby preventing the occurrence ot 
significant protein aggregation Moreover, the broadening effects can simply be visualized 
in difference spectra (ι e subtraction of the spectra obtained in the presence and absence 
of the paramagnetic ligand) in contrast to the small proton resonance shift effects in the 
complex spectra of GVP upon binding to unmodified oligonucleotides Strikingly, the 
conformation of the identified ß-loop structure in GVP of IKe, designated as the DNA 
binding loop, differed trom that proposed for the homologous segment in M13 GVP, on 
the basis of X-ray diffraction studies This has prompted us to investigate the solution 
structure of M13 GVP The first result which could be obtained was that the structure of 
the so called DNA binding loop of M13 GVP is indeed similar to that of IKe (van 
Duynhoven et al, 1990) 
The amino acid sequences of the DNA binding loops of M13 and IKe GVP exhibit a 
high degree of identity The DNA binding loop sequences of these GVPs also appear 
strikingly well conserved in a number of other phage-encoded ssDNA binding proteins as 
depicted in Figure 3 (de Jong el al, 1989, Plyte & Kneale, 1991, Stassen et al, 
unpublished results) This suggests that this structural motif is exploited by a number of 
ssDNA binding proteins in their binding to ssDNA 
OUTLINE OF THIS THESIS 
This thesis concerns an NMR study of the three-dimensional structure of M13 GVP in 
solution and its interaction with ssDNA We have chosen to embark on this study due to 
apparent discrepancy between solution and X-ray data of M13 GVP Furthermore, the 
models describing the interaction ol GVP with ssDNA (Brayer & McPherson, 1984, 1985, 
Hutchinson, 1990) are also inconsistent with current experimental data (see above) 
Resolving the solution structure ot GVP forms an essential step towards a structural 
explanation of the fact that a relatively small protein as GVP is able to exert different 
functions The cooperative, non-specific binding of GVP to ssDNA and its apparent 
preferential binding to specific RNA targets might be explained in terms of different 
structural elements, underlying these functions, which might be common to a variety of 
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single-stranded DNA binding proteins. 
M13GVP 
16 
Arg Ser Gly Val Ser Arg 
Leu Ser Туг Pro Lys Gin 
28 G | y 
T4 g32p 
95 Asn 
Lys Asn Asp Leu Tyr Thr 




|Arg|SerJGIy Val Ser 




lArglGIn Gly Thr Ser 










Asp Thr Tyr Thr 
Thr 
Ser Lys 




Val GlnfGÎyJThrlSer] Lys 
Ser Phe Phe Val Asn 
119 
Figure 3. Schematic representation of the DNA binding loop structure of a) M13 GVP and b) 
IKe GVP. Putative DNA binding loop sequences as judged from amino acid homology analysis 
occurring for the following phage-encoded ssDNA binding proteins c) T4 g32P, d) Pß GVP, 
e) Pfl DBP; f) Phi29 p5. Residues identical to the M13 GVP sequence are boxed by solid 
lines, whereas conservative replacements are boxed by broken lines Note the similarity 
between the putative binding loop of Pß DBP and thai of Phi29 P5. 
Apart from its biological interest, the elucidation of the complete 3D structure of GVP 
by NMR presents a number of challenges to the NMR spectroscopist. Its relatively large 
size (Mw. 19.4 kDa) but moreover its large tendency to aggregate complicates NMR 
studies significantly. Another problem which has to be solved is the fact that the two 
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halves oi the symmetric dimer are indistinguishable in a regular NMR spectrum 
Consequently, the interpretation of nuclear Overhauser effects (NOE), corresponding to 
short (< *5 A) interproton distances, necessary for the structure determination, becomes 
troublesome because these can either be interpreted as ïnlra-subunit (within the monomer) 
or inter-subunil NOEs (between the monomers) 
Chapter 2 of this thesis addresses the above mentioned protein aggregation effect A 
description is given of the solution properties of wild-type and a variety of mutant GVPs 
Mutants were constructed with enhanced solubility properties which opened the prospect 
of lurther structural characterization This, however, requires the resonance assignment ot 
the protein's H-NMR spectrum Chapter 3 exploits the GVP solubility mutant Tyr41 -* 
His, to enable the assignment of virtually all backbone and some side chain proton 
resonances Furthermore, the protein's secondary structure is described By virtue of the 
GVP's proton resonance assignments, the ssDNA binding domain of M13 GVP could be 
further explored with the aid of spin-labeled oligonucleotides, chapter 4 reports these 
binding studies A description of the protein's ssDNA binding domain is discussed in the 
light ot the secondary structure of GVP which could further be extended Chapter 5 
presents a novel NMR experiment designed to overcome the ambiguity problem of 
distinguishing between intra and inter-subunit NOEs encountered in the analysis ot 
regular NOESY spectra oí symmetric dimer proteins Chapter 6 describes the 
determination ot the 3D structure ot the M13 GVP mutant Tyr41 -» His Heteronuclear 
3D NMR experiments have been performed to extract additional structural restraints 
Approximate inter proton distances were derived from the NOE intensities The results of 
the NMR study described in chapter 5 are combined with a novel calculation strategy 
which correctly deals with the intra- and inter-subunit contributions to the NOE peaks to 
derive the complete tertiary structure of the protein 
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CHAPTER 2 
Characterization of wild-type and mutant M13 gene V 
proteins by means of 'H-NMR* 
ABSTRACT 
Recording ot good quality NMR spectra of the single-stranded DNA binding protein 
encoded by gene V ot the bacteriophage M13 is hindered by a specific protein aggregation 
effect Conditions are described for which NMR spectra ol the protein can best be recorded 
The aromatic part of the spectrum has been investigated by means of two dimensional total 
correlation spectroscopy Sequence-specific assignments were obtained for all ot the aromatic 
amino acid residues with the help ol a series of single site mutant proteins The solution 
properties of the mutants ot the aromatic amino acid residues have been fully investigated 
It has been shown that, for these proteins, either none or only local changes occur compared 
to the wild-type molecule Spin-labeled oligonucleotide binding studies of wild-type and 
mutant gene V proteins indicate that tyrosine 26 and phenylalanine 73 are the only aromatic 
residues involved in binding to short stretches of single-stranded DNA The degree ot 
aggregation of wild-type gene V protein is dependent on both the total protein and salt 
concentration The data obtained suggest the occurrence of specific protein-protein interactions 
between dimenc gene V protein molecules in which the tyrosine residue at position 41 is 
involved This hypothesis is lurther strengthened by the observation that the solubility of 
tyrosine 41 mutants ot gene V protein is significantly higher than that of the wild-type 
protein The discovery of the so-called "solubility" mutants of М П gene V protein finally has 
made it possible to study the solution structure of gene V protein and its interaction with 
single stranded DNA by means of two-dimensional NMR 
P J M Folkers, J Ρ M van Duynhoven, A J Jonker, В J M Harmsen, R N H Konings, & 
C W Hilbers (1991) Eur J Biochem 202,349-360 
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INTRODUCTION 
One of the essential genes in the life cycle of filamenlous bacteriophages, such as Ff (M13, 
fd, fl) and IKe, is gene V The product of this gene is a single-stranded DNA binding protein 
(GVP) which is indispensible for the production ot progeny viral strand DNA of the phage 
genome (Model & Rüssel, 1988) Late after infection, the protein binds strongly and 
cooperatively to single-stranded DNA (ssDNA) and initiates in this way the switch of double-
stranded DNA synthesis to the production of progeny viral strands Since it was first isolated, 
the protein has been subjected to various physico-chemical studies and is considered an 
important model for protein-ssDNA interactions M13 GVP protein consists of 87 amino 
acids, and exists in solution predominantly as a dimer (Mass 19 4 kDa) It is the only ssDNA 
binding protein whose crystal structure is currently known (Brayer & McPherson, 1983) The 
refined model of the protein reveals that the individual monomers are entirely composed of 
ß-structure and that they are closely associated about a twofold axis On the basis of the 
crystal structure, a model for the complex of ssDNA and GVP has been proposed (Brayer & 
McPherson, 1984) In this interaction model, two nucleic acid strands bind to one dimer in 
an antiparallel fashion with stoichoimetnes of 5 nucleotides per protein monomer The 
proposed protein-ssDNA interactions involve electrostatic binding of the nucleic acid 
phosphodiester bond by residues Argl6, Arg21, Arg80 and Lys46 and stacking ol the nucleic 
acid bases with the side chains of Tyr26, Tyr34 and Tyr41 of one monomer and Phe73 of the 
symmetry-related monomer In the model, the observed cooperativity in the binding of ssDNA 
to GVP has been explained in terms of an interaction between GVP dimers located on well 
defined domains of the individual protein molecules 
However, in previous papers, physico-chemical observations contrasting the proposed 
ssDNA-GVP interaction model as well as of features of the crystal structure, have been 
reported (Gray et al , 1984, King & Coleman, 1987, 1988, van Duynhoven et al , 1990) One 
of the fundamental differences is the chosen stoichoimetry of 5 nucleotides per monomer in 
the interaction model despite the fact that stoichoimetnes of 3 nucleotides per monomer lor 
oligonucleotide protein complexes (n=3 binding mode) and 4 nucleotides per monomer tor 
polynucleotide protein complexes (n=4 binding mode) have been reported (Alma et al , 1981, 
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Bulsink el al, 1986) 
NMR studies have suggested the involvement of only two aromatic amino acid residues 
in the binding to ssDNA (King & Coleman, 1987) The assignments of these residues has 
been based on NOESY spectra recorded in D2O solution combined with the knowledge of the 
crystal structure However, H-NMR assignments which are based on crystallographic data 
may easily lead to errors This is particularly so given the fact that recently for the DNA 
binding loop in GVP, encompassing residues 13 through 31, a structure was proposed on the 
basis of H-NMR data that differs from the same amino acid sequence in the crystal (van 
Duynhovcn et al, 1990) In order to obtain more information on the possible DNA binding 
domain and to establish unequivocally the roles of the individual aromatic amino acid residues 
in the complex formation with ssDNA, we started with the characterization of missense GVP 
mutants which have been constructed by means of saturation and site-directed mutagenesis 
techniques (Stassen et al, 1992) 
This chapter is the first in a series of NMR studies on M13 GVP It describes general 
spectral and structural features of both wild type GVP and a variety of GVP mutants Special 
attention is paid to the GVP mutant proteins in which the aromatic residues are substituted 
for other residues Solution properties of wild-type and mutant proteins such as stability and 
solubility are investigated Optimal conditions for NMR experiments are established and the 
DNA binding domains of the proteins are explored by means of spin-labeled oligonucleotides 
The results are compared with those obtained in earlier studies 
MATERIALS AND METHODS 
The procedure used for the construction and expression of a library of M13 GVP mutants 
is described elsewhere (Stassen et al, 1992) The level of expression of the mutant proteins 
can be divided into two categories The low producers (wild-type, GVP Y41H and Y41F) 
reach a level of expression which is comparable to that in M13 infected cells and where the 
protein is present in the soluble fraction of the cells The high producers (GVP Y26C, Y34H, 
Y61H and F73L) reach, for reasons still unknown, a level of expression which is at least ten 
times higher These proteins accumulate in the form of electron-dense particles called 
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' inclusion bodies" The soluble proteins were isolated as described previously (Garssen et al 
1977, van Duynhoven et al , 1990) A modified procedure was developed to isolate insoluble 
mutant proteins (Stassen et a l , 1992) In short, after sonification and subsequent 
centrifugaron of the cells, the pellet which contained the insoluble mutant protein was 
resuspended in buffer containing 6 M guanidinium chloride, 0 02 M Tris/HCl pH 7 8, 5 mM 
EDTA, 1 mM 2-mercaptoethanol, 0 05 M NaCl, 10% (mass/vol ) glycerol during 4-1S h at 
4 С Then, the protein was renatured by means of dialysis in the same buffer without the 
guanidinium chloride After subsequent centnfugdtion, the soluble protein fraction was loaded 
on a DNA cellulose affinity column 
From this point, the normal procedure for GVP isolation was reinstated After dialysis 
against 1 mM cacodylate buffer pH 6 9 containing 50 mM NaCl, all purified proteins were 
lyophilised and stored at 20 С The GVP mutant Y41H contains a histidine (H) residue 
instead of a tyrosine (Y) residue at position 41 The other mutants are named in a similar 
manner 
The protein monomer concentrations were determined by measuring absorbance at 276 nm 
(pH 6 9) using the absorption coefficients of 6400 M ^ m ] for GVP Y26C, 5150 M 'cm ' for 
GVP Y34H, 5680 M 'cm ' for GVP Y41F, GVP Y41H and GVP Y61H, 7100 M ^ m ' for 
wild-type GVP and 8000 M cm for GVP F73L The absorption coefficients of the mutant 
proteins were determined relative to the wild-type GVP by means of a Bio-Rad protein assay 
Samples of wild-type and mutant GVP were measured in D^O at very low ionic strength with 
a concentration ranging from approximately 0 5 - 4 0 mM depending on the sample quality 
The pH of the samples, which ranged from pH 5 1 - 7 5, was adjusted with diluted DC1 
The spin-label trinucleotide, three adenyl residues to which the spin-label 4-hydroxy-l-
oxyl-2,2,6,6-tetramethyl pipendine (TEMPO), was covalently attached via phospho-diester 
bonds at both the 5' and 3' end of the oligonucleotide, was synthesized, purified and 
characterized as described by Claesen et al (1986) We will refer to this spinlabel as 
* * * * 
d(A)-, , where the astenks refer to the attached spin-label The concentration of d(A)3 in 
H 2 0 (at pH = 7) was determined from its absorption at 260 nm, using the absorption 
coefficient for the adenine trimer (Cassani & Bollum, 1969) corrected for a slight extra 
absorption by the TEMPO moiety, ι e 37500 M cm The binding experiments were carried 
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out by adding small amounts of a concentrated solution of the spin-labeled oligonucleotide 
* * 
to the protein solutions The d(A)^ (D 2 0) solutions contained a low salt concentration and 
were adjusted to the pH of the protein sample prior to the experiments 
H-NMR experiments were performed at 400 MHz on a Bruker AM 400 spectrometer 
interfaced to an Aspect 3000 computer MLEV17 TOCS Y experiments (Bax & Davis, 1985, 
Griesinger et al, 1988) were conducted at 298 К unless otherwise stated, with mixing times 
around 30 ms The residual water resonance was suppressed using DANTE (Morris & 
Freeman, 1978) In all experiments, the carrier was placed at the position of the water signal 
and TPP1 (Marion & Wuthnch, 1983) was used for signal accumulation in the tj dimension 
RESULTS 
Optimization of solution conditions for H-NMR analysis of M13 wild-type GVP 
Conditions under which reasonable one-dimensional H-NMR spectra of M13 wild-type 
GVP can be recorded were established previously (Alma et al, 1981) Typically, the NMR 
samples contained 50 mM NaCl, 1 mM sodium cacodylate pH 7 0 and up to 1 mM GVP 
However, we have discovered that it is possible to optimize the solution conditions further 
Wild type M И GVP is particularly sensitive to alterations in protein concentration, salt 
concentration and pH In Figure 1 , changes which occur as a function of salt concentration 
are shown for the aromatic region of the H NMR spectrum of M13 wild-type GVP The 
peaks belonging to a single Туг residue which had been designated as TyrlV by Alma et al 
(1981), shift upfield when the salt concentration is increased This effect is accompanied by 
a broadening of all spectral lines, indicative of an increase in aggregation The increase of the 
protein concentration results in spectral alterations similar to those observed when the salt 
concentration is increased (data shown in de Jong et a l , 1987) Lowering the pH down to 
approximately 5 1 reverses the aggregation effect to some extent, while a further decrease 
results in rapid denaturation of the protein Once denatured, it is not possible to renature the 
protein by increasing the pH Hence, NMR measurements of M13 wild-type GVP can be 
performed best at very low ionic strength and at pH 5 1 Under these conditions, it was 
possible to study samples with concentrations up to 1 5 mM M13 wild type GVP without 
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inducing loo significant aggregation and with reasonably narrow lines. 
80 7.0 
ChimiCil shift (ppm) 
Figure 1. Salt concentration dependence of the aromatic region of the M13 wild-type GVP 
spectrum The arrows indicate the resonance positions of the ТугГ spin system. The sample 
contained 0.5 mM GVP, pH 7.5. Salt concentration: (a) low ionic strength (b) 25 mM NaCl. (c) 
100 mM NaCl. 
The temperature range at which experiments can be conducted with these relatively 
concentrated samples is however very limited. Typically, NMR experiments can be performed 
Characterization of M13 GVP 23 
at a temperature around 298 K. 
Analysis of the aromatic region of the H-NMR spectrum. 
The aromatic part of the H-NMR spectrum of M13 wild-type GVP has been investigated 
thoroughly by Alma et al. (1981). M13 wild-type GVP contains one histidine, three 
phenylalanine and five tyrosine residues. The individual spin systems of all aromatic residues 
have been identified The unique histidine residue in GVP at position 64 could be sequence-
specifically assigned. 
- Tyr I -
Туг II 
Figure 2. The aromatic 
part of the 'H-NMR 
spectrum of 0 8 mM M13 
wild-type GVP (pli 5 1). 
The assignments of the 
individual protons to 
residue type are indicated 
by roman numbers. 
WkW 
Chímical shrH (opm) 
In Figure 2., a H-NMR spectrum of the aromatic part of M13 wild-type GVP is presented 
in which the assignments of the individual protons to residue type are indicated by roman 
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numbers The results were obtained by means of photo-CIDNP experiments (Garssen et al , 
1978), selective decoupling experiments and one-dimensional NOE-difference measurements 
(Alma et a l , 1981) 
Nowadays, all coupled resonances in the aromatic region can be identified using two-
dimensional double quantum filtered COSY (Ranee et a l , 1983) and total correlation 
(TOCSY) spectra (Bax & Davis, 1985, Gnesinger et dl , 1988) An example of a TOCS Y 
aH¡s64 
§ &Phell PhellÇ 
Phel 
70 
Chemical Bhfft (ppm) 
Figure 3. TOCSY spectrum ofM13 wild-type GVP (A) 30 ms TOCSY spectrum of the aromatic 
region ofO 5 mM M13 wild-type GVP at low ionic strength (pH 7 1) The individual spin systems 
are indicated by connecting arrows The assignments to residue type are taken from Alma et al 
(1981) (В) TOCSY spectrum of a part of the aromatic region of wild-type GVP (1 mM pH 7 0) 
at low tonic strength (C) TOCSY spectrum of a part of the aromatic region of wild type GVP at 
higher tonic strength (1 mM, pH 7 5), displaying upfield shifted TyrlV resonances 
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spectrum ot М П wild type GVP is given in Figure 3, Figure ЗА displays a protein with d 
low degree of aggregation as can be judged from the position ot the TyrlV spin system In 
this situation, the TyrlV cross-peak is downfield shifted and is positioned left Irom the cross 
peak connecting the resonances which make up the Tyrlll spin system Figures 3B and С 
display a part of the aromatic region of two other TOCSY spectra of M13 wild-type GVP 
which reflect the influence of an increased aggregation The cross-peak belonging to the 
TyrlV spin system in Figure 3B is right on top ot the cross-peak of spin system Tyrlll, while 
in Figure 3C it is even further upfield shifted In the latter case, the resonances of spin system 
TyrV are also slightly shifted Tyrll gives rise to broadened resonances indicative of 
intermediate exchange between the two possible chemical shift positions for the pairs of С H 
and СГН protons of the ring (Wuthnch, 1986) The remaining four tyrosines generate 
relatively narrow resonances characteristic of an aromatic ring flipping rapidly about the С 
CY bond such that the CÔ1H and CÒ2H resonances and the C E 1 H and C f 2H resonances are 
superimposed Similarly, the Phe resonances exhibit a degenerate spin pattern due to rapid 
ring flips 
Characterization of mutants of the aromatic residues of M13 GVP. 
Missense mutants were constructed for four out of hve tyrosines and one out of three 
phenylalanines The level of GVP synthesis in the cells varies significantly with the mutants 
investigated The level of expression ot the wild-type protein and of the GVP mutants Y41F 
and Y41H is comparable to that ot gene V protein in phage M13 infected cells These 
recombinant proteins are present in the cytoplasmic fraction and isolated as described 
previously (Garssen et a l , 1977, van Duynhoven et al , 1990) The expression level of the 
GVP mutants Y26C, Y34H, Y61H and F73L is, for reasons still unknown, at least ten times 
higher and their encoded proteins accumulate as inclusion bodies in the cell The proteins 
were isolated from these particles using a denaturation step with guanidinium chloride 
(Stassen et al , 1992) A significant amount of mutant protein F73L, however, could also be 
isolated from the soluble fraction of the cell extract 
To test whether the renaturation procedure resulted in a proper folding of the polypeptide, 
Η NMR spectra ot wild-type M13 GVP isolated from the cytoplasmic fraction and wild-type 
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GVP that was subjected to the denaturation and renaturation procedure but derived from the 
same protein batch were compared (Figure 4). It can be concluded that these spectra are very 
similar, thus indicating that the renaturation procedure developed results in a proper refolding 
of the denatured protein. Close examination of the aromatic regions of the spectra, however, 
revealed a small difference in aggregation state between both samples, with the control, wild-
type, sample being less aggregated. 
6 5 4 3 
ChemtcalshrfKppm) 
Figure 4. 'H-NMR spectra of МП wild-type GVP 0 5 mM wild-type GVP, pH 5 2 which was 
(a) subjected to a denaturation step with guanidimum chloride (the impurities which were 
introduced are indicated by an x) and b) taken from the same batch as a control 
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Optimal samples of all mutant proteins were obtained at very low ionic strength, a property 
which is similar to wild-type GVP The differences in quality of the mutant GVP samples 
varied significantly however For example, GVP mutant Y61H is very unstable Samples of 
Y61H could only contain up to 0 5 mM protein and experiments could only be conducted at 
a maximum temperature of 295 К It has not yet been possible to perform other experiments, 
such as salt titrations and pH titrations, for this protein 
The mutant proteins GVP Y26C and F73L behave very similarly in solution and have a 
sample quality that is comparable to wild-type GVP Samples of GVP F73L isolated both 
from the soluble fraction and the insoluble fractions were also compared The H-NMR 
spectra of both samples were almost identical with a small difference in aggregation state in 
favor of the sample which was isolated from the soluble fraction 
The proteins GVP Y34H, GVP Y41F and GVP Y41H clearly exhibit different properties 
from wild-type GVP The H-NMR spectra of these samples clearly indicate that the 
aggregation is much less severe than in wild-type GVP The solution properties of these 
samples were therefore further studied by means of salt titrations, pH titrations and 
concentration dependency tests Good quality H-NMR spectra of GVP Y34H were obtained 
up to a protein concentration of 3 mM However, samples of GVP Y34H were not as stable 
as wild-type GVP which made it more difficult to test its solution properties further The pK. 
of the histidine introduced at position 34 is lower than 5 0 An exact determination could not 
be made because of rapid protein dcnaturation below pH 5 
At low ionic strength, the GVP mutants Y41H and Y41F gave rise to H NMR spectra 
with relatively sharp resonances up to a concentration of approximately 5 mM (pH 5 1) At 
these concentrations, the proteins are stable for at least a few days at a temperature of 298 
К Increase of the temperature by only a few degrees results in rapid protein denaturation 
Both samples are less sensitive to changes in salt and protein concentration than samples of 
wild type GVP In Figure 5 , the aromatic spectrum of the sample Y41H is shown at two 
different protein concentrations The spectral alterations which can be observed are not as 
prominent as in the case of wild-type GVP and mainly involve a line-broadening effect going 
to a higher concentration The line widths of the individual resonances still remain relatively 
small at a concentration of 4 mM The peaks belonging to the spin system TyrlV in the 
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spectra of wild-type GVP are missing. The histidine introduced at position 41 in the Y41H 
mutant has a pK of 6.5, indicative of a residue which is exposed to the solvent. 
WS*J 
vW*wJvw*W 
Chemical shift (w>m) 
Figure 5. Concentration dependence of the aromatic region of the H-NMR spectrum of M13 
Y41H GVP (pH 5 2) M13 Y41H GVP concentrations (a) 4 mM, (b) 0 5 mM 
Sequence-specific assignment of the aromatic residues 
Sequence-specific assignments for the aromatic region of wild-type GVP were obtained by 
making a comparison of the TOCSY spectra of all aromatic mutant samples The applicability 
of this approach is limited to the case where the spectra of wild-type and mutant protein are 
very similar. In Figure 6., the aromatic regions of the TOCSY spectra of wild-type GVP and 
of six mutant proteins are displayed. It can be seen that, apart from the absence of a few 
resonances, most of the aromatic spectra of mutant GVP are almost identical to that of wild-
type GVP. Some resonances undergo small shifts but could nevertheless be easily identified 
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In Table 1, a summary of the assignments obtained for wild-type G VP is presented The 
distinction between С H and С Г Н resonances, which has in part already been made 
previously (Garssen et a l , 1980, Alma et al, 1981, de Jong et al, 1987), was re-evaluated 
by means of a NOESY (D 2 0) spectrum of wild-type GVP which showed NOE cross-peaks 
between the С Η proton resonances and the С Η ring proton resonances (data not shown) 
In the spectrum of the GVP mutant Y26C, the cross-peaks connecting the resonances at 6 48 
ppm and 6 88 ppm, which earlier had been designated as TyrI in wild-type GVP, are clearly 
missing (Figure 6B) The rest ot the aromatic spectrum is hardly different from that of wild-
type GVP and therefore TyrI can be ascribed to Tyr26 Similarly, in the spectrum of GVP 
Y34H, the TyrV spin system is missing (Figure 6C) The spectrum displays a 
downfieldshifted TyrlV, indicative of a decreased level of aggregation This observation is 
in agreement with the improved spectral quality of GVP Y34H in comparison to wild-type 
GVP 
The tendency lo aggregate is even less in the GVP mutants Y41F and Y41H, in which the 
TyrlV spin system is missing Now, it can be concluded unambiguously that the residue 
which accounts most for the aggregation effect in wild-type GVP is the tyrosine residue at 
position 41 (Figures 6D & 6G) The aromatic spectrum of the mutant GVP Y61H clearly 
lacks the broad resonances at 6 58 ppm and 6 75 ppm in wild-type GVP (Figure 6E) Тугбі 
makes up spin system Tyrll and the only remaining tyrosine residue at position 56 can now 
by assigned to spin system Туг III by elimination 
Due to the availability of only one phenylalanine mutant, a complete assignment of all 
phenylalanine residues using the site specific mutants could not be made The spectrum of 
the GVP mutant F73L can be superimposed on the spectrum of wild-type GVP except for the 
missing spin system Phe I (Figure 6F) The assignment of the phenylalanine residues could 
however be completed using the sequence-specific resonance assignment procedure, which 
could be applied lo the GVP mutant Y41H (Wuthnch, 1986, van Duynhoven et a l , 1990) 
The reported sequential assignment of a ß-loop of this molecule, encompassing residues 13 
through 31, included the aromatic residues Phel3 and Tyr26 Because of the similarities 
between wild-type GVP and mutant GVP Y41H, the sequential assignments of GVP Y41H 
were used to complete the assignment of the aromatic resonances in wild-type GVP Indeed, 
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Figure 6. Aromatic regions of TOCSY spectra ofM13 wild-type GVP and a variety of aromatic 
GVP mutants. All spectra were recorded at 298 К unless otherwise stated. The mixing times used 
were approximately 30 ms. Sequence-specific assignments are indicated in the figure near (one 
of) the cross-peaks connecting the resonances of the spin system (see Figure 3). (A) 0.5 mM wild-
type GVP, pH 7.1; (B) 1.0 mM GVP Y26C, pH 7.0; (C) 3 mM GVP Y34H, pH 5.2; (D) 4 mM 
GVP Y41F, pH 5.2; (E) 0.5 mM GVP Y61H at 295 K, pH 7; (F) 0.5 mM GVP F73L, pH 5.2; (G) 
1 mM GVP Y41H, pH 5.1. 
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Table 1. Resonance assignments for the aromatic region ofM13 wild-type GVP at very low ionic 
strength, pH 7.1, 298 K. Chemical shifts are expressed relative to 2,2-dimethyl-2-silapentane-5-













































the assignment of Tyr26 in GVP Y41H agrees with the assignment based on mutant studies. 
Phel3 had not been assigned before and can now be attributed to the Phelll spin system. 
Consequently, spin system Phell can be assigned to Phe68 by elimination. 
Binding of wild-type and aromatic mutant gene V proteins to spin-labeled 
oligonucleotides 
Binding of wild-type GVP to oligonucleotides causes upfield shifts of specific aromatic 
resonances. Significant shifts have been observed for one phenylalanine and two tyrosine 
residues (King & Coleman, 1987; de Jong et al., 1987). However, for one of the tyrosine 
residues, the shift does not only depend on the degree of saturation of the protein with ssDNA 
but also on the total protein concentration (de Jong et al., 1987). Therefore, it has been 
concluded that only two aromatic residues are involved in binding to ssDNA (King & 
Coleman, 1987; de Jong et al., 1987). These can now definitely be identified as Tyr26 and 
Phe73. 
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Apart from binding normal oligonucleotides to GVP, it is also possible to probe the ssDNA 
binding domain and its surroundings with spin-labeled oligonucleotides (de Jong et al., 
1989b). The spin-labeled ligand bound to a macromolecule selectively broadens the 
resonances which are in close vicinity of the spin-label. Difference spectra computed from 
spectra obtained with and without spin-labeled ligand will thus display the resonances 
originating from the residues which are situated in the region of the binding domain. 
F73 Y36 
F73 * » 
Figure 7. Examples of spectra of the aromatic region of wild-type GVP (1), GVP Y34H (2) and 
GVP Y41H (3), recorded in the absence and presence of the spin-labeled oligonucleotide d(A)j . 
The small arrows in the GVP Y41H spectrum (3) indicate the presence of small shift effects of 
respectively Phel3 (left arrow) and Tyr34 (right arrow) (a) Spectrum in the absence of spin-
labeled oligonucleotide; (b) Spectrum after addition of Л с equivalent d(A)-¡ (1), of l^ 
equivalent d(A)^ (2) and I¡j equivalent d(A)y (3), respectively; (c) is the difference between 
(a) and (b). 
The changes observed in the aromatic part of the spectrum upon binding of spin-labeled 
oligonucleotides to M13 wild-type GVP are congruent with the changes observed in binding 
of unmodified oligonucleotides. This is shown in Figure 7. in which a comparison is made 
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of the aromatic spectra of M13 wild-type GVP in the absence and presence of small amounts 
* * 
of d(A)·, . The aromatic resonances of Phe73 and Tyr26 are erased from the spectrum. The 
difference spectrum also reveals some shifts that are caused by the change in sample 
conditions upon addition of the spin-labeled DNA. Very prominent in this respect is the shift 
of spin system TyrlV which is now assigned to Tyr41. This effect can be reduced by diluting 
the sample which further indicates that Tyr41 does not form a part of the DNA binding 
domain. 
Similar experiments were performed on mutant GVP samples. A few examples are shown 
in Figure 7. In GVP Y34H, Tyr26 and Phe73 show up in the difference spectra. Residue 
Tyr41 shifts as well but to a lesser extent than for the wild-type GVP. The binding domain 
seems also to be unaffected in the GVP mutants Y41H and Y41F. Despite the absence of the 
Tyr41 residue and the reduced aggregation, it can be seen that the shift effects did not vanish: 
apart from small shifts of the residue (His/Phe) introduced at position 41, other shifts could 
be observed, such as those of Tyr34 and Phel3. These residues were identified in 2D-
difference spectra (data not shown). The mutants F73L and Y26C still bind to the spin-labeled 
oligonucleotide despite the absence of one of the two important aromatics. In the difference 
spectra of mutant GVP F73L, the tyrosine residue at position 26 can be seen. The difference 
spectra of the GVP Y26C mutant shows the Phe73 residue. These data suggest that the major 
part of the DNA binding domains of these mutants is still intact. 
DISCUSSION 
Optimized conditions have been obtained for measurement of the H-NMR spectrum of 
M13 wild-type GVP. These conditions should also be used for measurements of several 
mutant GVP samples we have at our disposition. From the results presented, it can be 
concluded that NMR studies on wild-type and mutant M13 GVP can best be conducted at 
very low ionic strength and at pH 5.1. 
M13 wild-type GVP has a high tendency to aggregate. The aggregation effect could be 
evaluated by considering the aromatic region of the H-NMR spectrum of wild-type GVP 
under different solution conditions. Upon increase of the protein and/or salt concentration, two 
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effects occur the first is a broadening of all spectral lines, the second is an upheld shift of 
the peaks belonging to a single tyrosine residue, which has now been assigned to Tyr41 In 
this respect, the behaviour of M13 wild-type GVP is very similar to that of the previously 
studied IKe GVP IKe GVP also contains a tyrosine spin system which is very sensitive to 
changes in solution conditions (de Jong et a l , 1987) This particular tyrosine spin system in 
IKe GVP has been assigned to Tyr42, by means of sequential assignment procedures (de Jong 
et a l , 1989a) Because of the similar sequences of both proteins and the similarity in 
behaviour of this specific residue, it had already been suggested that this residue in Μ13 wild-
type GVP is Tyr41 Using missense mutants, we have been able to show that this is indeed 
the case 
The analysis of the spin patterns in the aromatic region of the H-NMR spectrum of M13 
wild-type GVP by means of TOCSY spectra is in agreement with the analysis made by Alma 
et al (1981) However, it differs slightly from the data presented by King & Coleman (1987) 
Their NMR samples contained between 1 - 1 8 mM wild type GVP in the presence of 25 mM 
phosphate pH 7 6 NOESY experiments were conducted at temperatures ranging over 298-303 
К The major difference between their data and ours is the TyrlV spin pattern in their 
spectra, it exhibits four different chemical shift positions for the protons of the ring, indicating 
that the residue is immobilized, in our case, it appears to be rapidly flipping around the С CY 
bond This indicates that at their conditions, aggregation of the protein has occurred which 
led to the immobilisation of the tyrosine ring 
The solution properties of the GVP mutants we have studied differ significantly from one 
another One factor affecting the quality of the protein is the protein isolation procedure used 
For a few mutant clones, the expressed proteins accumulate in inclusion bodies in the cells 
and were isolated via a denaturation step It could be shown that, although the proteins 
isolated via this procedure did have a correct fold, the level of aggregation was clearly 
increased relative to the proteins which were isolated from the cytoplasmic fraction of the cell 
extract 
However, the solubility of the various mutants cannot be classified according to the 
isolation procedure used GVP mutant Y61H, which was isolated from inclusion bodies of the 
Escherichia coli cells, is hardly soluble at concentrations at which NMR spectra can be 
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recorded Τ he spectrum of the aromatic region contains an extra cross-peak in comparison to 
wild type GVP A possible explanation is that the Tyr41 is slowly flipping, indicative of the 
severe aggregation and low solubility The increased aggregation oí this particular mutant in 
comparison to wild-type GVP cannot be explained as yet 
The other set of mutants can be divided into two categories The first category comprises 
mutants such as GVP F73L and GVP Y26C which have properties similar to those of wild-
type GVP The second category consists of the mutants which have improved solubility 
characteristics, such as GVP Y34H, GVP Y41H and GVP Y41F Increase of protein 
concentration and/or salt concentrations in wild-type GVP and mutants GVP Y26C and GVP 
F73L results in broadening ol all spectral lines combined with the prominent shift of the 
Tyr41 resonances The specific shift of the Tyr41 residue can also be seen upon addition of 
normal oligonucleotides as well as spin-labeled oligonucleotides to both wild-type and these 
mutant proteins It is very likely that the Tyr41 residue plays a crucial role in the specific 
recognition of GVP dimers On the basis of a model study, Brayer & McPherson have 
proposed that hydrophobic interactions between the protein surfaces of two dimers may lorm 
the physical basis for the observed cooperativity in the binding to ssDNA The Tyr41 residue 
is part of one of the suggested interaction sites 
From these considerations, it can be suggested that the specific aggregation has to be 
explained on the basis of a set of interactions between dimers responsible for the cooperativity 
in the binding to ssDNA Substitution of the crucial Tyr41 residue resulted in changes in the 
solubility characteristics of the protein The strong interaction between the GVP dimers is 
clearly diminished in the GVP mutants Y41H and Y41F This result further supports the 
hypothesis that the Tyr41 residue plays a dominant role in the inter-dimer interactions From 
the DNA binding experiments and the TOCSY spectra of wild-type GVP al different 
conditions in combination with two-dimensional NMR experiments (data not shown), it can 
be seen that, for example, the tyrosine residue at position 34 undergoes a minor shift under 
a change in solution conditions This implies that this residue also might be part of the 
possible dimer-dimer interaction surface However, it can also be explained as an intra-dimer 
effect in which the Tyr41 residue affects the Tyr34 residue 
The solubility and the spectral appearance of the GVP mutant Y34H has improved in 
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comparison to the wild-tvpe GVP In line with the considerations made above this can be 
either an invadimene or an intesimene effect The reduced stability of the Y34H mutant 
cannot be explained as yet 
The differences in solution properties could be explained in terms of a specific residue by 
virtue of the complete sequence-specific assignment of all aromatic residues Previously, 
sequence-specific assignments of wild-type GVP have been obtained for all aromatic residues 
on the basis of NOESY spectra and the crystallographic data of wild-type GVP (King & 
Coleman, 1987) Our results differ from those reported earlier with respect to the assignments 
of Tyr34 and Tyr41 It is noted that the assignment of Tyr41 had been corrected before on 
the basis of a mutant protein sample of which, to our knowledge, details have never been 
published (King & Coleman, 1988) This indeed indicates the necessity for unambiguous 
assignments which is difficult when only founded on a crystallographically determined 
structure NMR studies on GVP Y41H have also revealed that the secondary structure of the 
sequence-specifically assigned part of the molecule differ from the structure postulated for the 
same region on the basis of the X-ray crystallographic studies (van Duynhoven et al , 1990) 
This again emphasizes the potential danger of making assignments which are solely based on 
crystallographic data 
Although the availability of aromatic mutant samples was limited to only five out of a total 
of eight unassigned aromatic residues, a complete assignment has been made. For mutant 
GVP Y41H of which the solubility characteristics are significantly better than those of wild 
type GVP, it became feasible to perform two-dimensional NMR measurements in F^O 
solution, a prerequisite for application of the sequence-specific resonance assignment approach 
(van Duynhoven et al, 1990) These measurements were very hard to perform on wild-type 
GVP because the aggregation was still too severe to obtain spectra with a sufficiently 
suppressed H20 resonance and an interpretable spectral appearance The sequence-specific 
assignments made of GVP Y41H included Phel3 which was enough to complete the 
assignment of the aromatic spectrum 
The results of binding experiments of the spin-labeled oligonucleotides to wild-type GVP 
and to aromatic mutant proteins are in line with results of NMR studies reported previously 
on M13 wild-type GVP and the GVP of the evolutionary related phage IKe (King & 
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Coleman, 1987, de Jong et al, 1987) From the binding experiments, it can be concluded that 
only two aromatic residues, namely Tyr26 and Phe73, are involved in the binding to 
oligonucleotides These data are not in agreement with model building proposals of Brayer 
and McPherson which were based on their reported crystal structure In their proposals, it is 
suggested that the aromatic residues Tyr34 and Tyr41 are also involved in binding to ssDNA 
Our data and those previously published by King and Coleman (1987) clearly suggest that 
these residues are not involved in the binding to oligonucleotides NMR binding studies with 
longer ssDNA fragments which may be more relevant with respect to complex formation 
under cooperative binding conditions have not altered that view (King & Coleman, 1988) The 
Tyr41 residue instead plays an important role in inter-dimer interactions which may be 
relevant to cooperativity in binding of ssDNA to GVP which we have discussed above 
Recently, a new model has been proposed for the complex of GVP with ssDNA 
(Hutchinson et al, 1990) In the model, Tyr26, Phe73 and Tyr34 interact with nucleotide 
bases It had been suggested that Tyr34 interacts with nucleic acid in the n=4 binding mode 
but not in the n=3 binding mode Thus far, our studies with spin-labeled oligonucleotides 
indicate that, in the case of oligonucleotide binding, Tyr34 is neither part of nor close to the 
DNA binding domain 
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Sequence-specific 'H-NMR assignment and secondary 
structure of the Tyr41 -» His mutant of the single-
stranded DNA binding protein, gene V protein, encoded 
by the filamentous bacteriophage M13* 
ABSTRACT 
Sequence-specific H-NMR assignments are reported tor the Tyr41 -» His mutant of the 
single stranded DNA binding protein, encoded by gene V of the filamentous bacteriophage 
M13 The mutant protein was chosen for this purpose because it exhibits significantly 
improved solubility characteristics over wild type GVP (Folkers et al (1991) Eur J Biochem 
200, 139 148, previous Chapter) The secondary structure elements present in the protein are 
deduced from a qualitative interpretation of the nuclear Overhauser enhancement spectra and 
amide exchange data The protein is entirely composed of antiparallel ß-strueture II is shown 
that identical structural elements are present in wild-type gene V protein Previously, we have 
demonstrated thai the secondary structure of the ß-loop, encompassing residues 13-31 which 
is present in gene V protein in solution, deviates from that proposed for the same amino acid 
sequence on the basis of X-ray diffraction data (van Duynhoven et al , (1990) FEBS Lett 261, 
1 4) Now that we have arrived at a description of the secondary structure of the protein in 
solution, other deviations with respect to the crystallographically determined structure became 
apparent as well The N-terminal part ol the protein is, in solution, part of a triple-stranded 
ß-sheet while, in the crystal, it is an extended strand pointing away from the bulk of the 
protein dimer One ol the antiparallel ß-sheets in the protein which had been designated 
earlier as the complex loop has, in the solution structure, a different pairwise arrangement of 
the residues in its respective ß-ladders Residues 30 and 48 are opposite of one anolher in the 
solution structure while in the crystal structure residues 32 and 48 are paired A similar 
observation is made for the so called dyad domain of the protein of which the ß-sheet in the 
solution structure is shifted by one residue with respect to that of the crystal structure 
Ρ J M Folkers, J Ρ M van Duynhoven, A J Jonker, В J M Harmsen, R Ν H Konings, & 
C W Hilbers (1991) Eur J Biochem 202,349-360 
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INTRODUCTION 
The genomes of the filamentous bacteriophages containing single-stranded DNA (ssDNA), 
such as Ff(M13, fd and fi), IKe and Pf3, code for an ssDNA binding protein which plays an 
indispensible role in the phage replication process (Model & Rüssel, 1988) Late in infection, 
the ssDNA binding protein encoded by gene V (GVP) causes the transition from double-
stranded DNA replication to the asymmetric synthesis of the viral strand by forming a tight 
complex with it Furthermore, GVP negatively regulates, at the level of translation, the 
synthesis of a number of phage-encoded proteins including the DNA replication proteins 
encoded by the gene II and X and that oi its own (Model et al, 1982, Yen & Webster, 1982, 
Zaman et al, 1990,1991) Since it was first isolated, the protein has been subjected to various 
physico-chemical studies and it is considered an important model for protein-ssDNA 
interactions The GVP encoded by the filamentous phage Ff(M13, fd and fl) consists of 87 
amino acids, and in solution occurs predominantly as a dimer with a molecular mass of 19 4 
kDa It is the only ssDNA binding protein whose X ray structure is known at present (Brayer 
& McPherson, 1983) The refined model of the native protein at 2 3 A resolution reveals that 
the monomers are composed entirely of ß structure, with some connecting loops The 
monomers are closely associated, mainly by hydrophobic interactions, about a dyad axis Thus 
far, crystallographic data describing the protein-ssDNA interactions have not been reported 
However, descriptions of the interaction of individual Ff GVP molecules with ssDNA have 
been given (Brayer & McPherson, 1984, Hutchinson et al, 1990) At present, structural data 
are available also for M13 GVP in solution, some of which cannot be explained on the basis 
of the crystal structure Chemical modification studies, for example, which have demonstrated 
that all six lysyl residues of GVP are accessible to a melhylating agent (formaldehyde), have 
also revealed that the N-terminal group of GVP, which must project into the solution 
according to the crystal structure, could not be modified by that agent (Gray et al, 1984) 
Recently, on the basis of H-NMR studies, we have reported that the secondary structure of 
the DNA binding loop of Ml 3 GVP in solution, encompassing residues 13-31, deviates from 
that proposed for the same amino acid sequence in the crystal in two respects (van 
Duynhoven et al, 1990) First, the proposed ß-loop structure in solution is more regular than 
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the ß loop in the crystal and second, the residues involved in the formation of the loops are 
shifted by tour amino acids with respect to one another With respect to the ssDNA-protein 
interactions, inconsistencies between the proposed interaction models (Brayer & McPherson, 
1984, Hutchinson et a l , 1990) and some of the available physico-chemical data have also 
been found (King & Coleman, 1987, 1988, Folkers et al , 1991) In order to explain the 
problems described, we have embarked on an NMR study concerning the structure of GVP 
in solution Such structural studies require the resonance assignment of the protein's H-NMR 
spectrum Two-dimensional (2D) NMR studies of M13 wildtype GVP, however, are rather 
difficult to perform due to the protein's unfavorable aggregation and solubility characteristics 
(Folkers et a l , 1991) Fortunately, mutation of the tyrosine residue at position 41 of wild-type 
M13 GVP into a histidyl residue (Y41H) result in a protein with significantly improved 
solubility characteristics and a protein fold which appeared similar to that of wild-type GVP 
(van Duynhoven et al , 1990) This chapter reports the assignment of H-NMR signals of 
mutant GVP Y41H with the use of 2D H-NMR techniques In addition, elements of regular 
secondary structure are delineated from a qualitative interpretation of the NOE and amide 
exchange data The results obtained are discussed in the light of the refined crystal structure 
ot wild-type GVP (Brayer & McPherson, 1983) 
MATERIALS AND METHODS 
Isolation and sample preparation 
Gene V of the bacteriophage M13 was cloned and expressed in Escherichia coli under the 
control of the arabinose inducible promoter of Salmonella typhimunum (Stassen et al , 1992a) 
Mutant GVP was constructed by means of chemical mutagenesis techniques (Myers et al , 
1985), followed by selection of the mutants in an in vivo negative complementation assay 
(Stassen et a l , 1992a) The mutant GVP Y41H, which was investigated in the 2D-NMR 
studies described, contained a histidine (H) instead of a tyrosine (Y) residue at position 41 
ol wild-type M13 GVP 
Mutant GVP Y41H and wild-type GVP were prepared and isolated as described previously 
(Garssen et al , 1977, van Duynhoven et a l , 1990) After dialysis against 1 mM cacodylate 
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buffer (pH 6 9) containing 50 mM NaCI, the purified GVP was lyophilised and stored at -
20°C Samples of M13 GVP, either dissolved in 99 8% D 2 0 or 90% H2O/10% D 20, 
contained a few millimolar of NaCI but no buffer components The final concentration of 
mutant GVP was about 1-5 mM (monomer) and wild-type GVP up to 1 mM (monomer) The 
pH was adjusted to 5 1-5 2 with diluted DC1 
NMR spectroscopy 
NMR spectra were recorded on a Bruker AM-600 spectrometer interfaced to an Aspect 
3000 computer The data were processed on either an Aspect 3000 workstation or a Bruker 
X32 computer with standard Bruker software 
All two-dimensional spectra were recorded in the pure phase absorption mode by making 
use of TPPI (Marion & Wuthnch, 1983) with the carrier at the position of the solvent 
resonance A complete set of spectra of GVP Y41H was recorded at 298 К in both D 2 0 and 
H20, and some additional spectra were recorded at 304 К Wild type GVP was only 
measured in D 2 0 solution at 298 К 
TOCSY (Bax & Davis, 1985) spectra were recorded with mixing times ranging from 15 -
40 ms The mixing was carried out with the MLEV17 pulse scheme with delays before and 
after the 180 pulse of the scheme to compensate for cross-relaxation peaks (Gnesinger et al, 
1988) NOES Y spectra (Jeener et al, 1979) were recorded with mixing times of 60, 100 and 
175 ms In NOESY(H20) experiments, suppression of the solvent resonance was achieved 
by replacing the last pulse of the sequence by the jump-return sequence (Plateau & Gueron, 
1982) In the TOCSY(H20) measurements, continuous irradiation during the recycle delay 
in combination with a semiselective sequence described previously (Bax, 1989) were used for 
this purpose For experiments in D2O, only continuous irradiation of the residual water 
resonance was used during the recycle delay Optimization of the receiver phase was 
performed to eliminate baseline distortions (Marion & Bax, 1988a) Furthermore, additional 
baseline corrections were performed on all spectra recorded in H 2 0 solution, after Fourier 
transformation in two dimensions Typically, 512 increments of 2K data points were recorded 
The data sets were processed with either gaussian or squared sine functions and zero-filling 
was applied to obtain spectra with a resolution of 8 1 Hz/point 
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Double-quantum-filtered correlated spectroscopy (DQF-COSY) (Ranee et al, 1983) and 
primitive COSY (P-COSY) (Marion & Bax, 1988b) spectra were recorded to aid in 
identifying direct correlations in the TOCSY spectra The data manipulation for obtaining the 
actual P-COSY spectrum trom the raw data was achieved using a PASCAL program, which 
was kindly provided by Dr L Ρ M Orbons Zero-filling was employed to increase the digital 
resolution to 4 0 Hz/point in the F2 and 8 0 Hz/point in the F1 direction 
Slowly exchanging amide protons were identified from NOESY spectra recorded 
approximately 1 h after dissolution of the protein, freshly freeze-dned from H2O, in D2O 
RESULTS 
H-NMR experiments on M13 wild-type GVP are very hard to perform due to a specific 
aggregation effect This etrect is probably related to the cooperative nature of binding of GVP 
to ssDNA (Folkers et al, 1991, previous Chapter) Analysis of the general spectral features 
of wild-type and a variety of aromatic mutant gene V proteins have shown that Tyr41 plays 
a crucial role in the specific recognition of GVP dimers In samples of a mutant of GVP 
where the tyrosine at position 41 is substituted by a histidine (or a phenylalanine), the 
aggregation effect is much less severe These mutants still bind to ssDNA, as judged from 
oligonucleotide binding experiments with unmodified and spin-labeled oligonucleotides 
(Folkers et al, 1991, previous Chapter) Using samples of the GVP mutant Y41H, it became 
possible to record good quality spectra in both D 2 0 and H 20, which is why we have chosen 
to study this mutant instead of wild-type GVP A complete set of spectra was recorded at 298 
К To resolve a few ambiguities in the spectra of 298 K, we recorded TOCSY (H20) and 
NOESY (H20) spectra at 304 К At this temperature, the stability of the protein is 
significantly reduced However, protein samples with a concentration of approximately 1 mM 
remained stable during the course of those experiments 
Sequence-specific assignments have been obtained using procedures as described by 
Wuthnch (1986) This involves the identification of various spin systems with the use of 
experiments which exploit through-bond scalar couplings, such as COSY and TOCSY This 
is then followed by the assignment of the cross-peaks to specific amino acid residues in the 
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protein sequence using NOE-connectivities 
The GVP Y41H protein dimer is a rather large system to study with 2D homonuclear 
techniques This is reflected in the line widths of the individual proton resonances In Figure 
1, a one dimensional ' H - N M R spectrum of GVP Y41H in 90 % H2O/10 % D 2 0 is shown 
10 6 5 4 3 
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Figure 1. One dimensional H NMR spectrum of M13 GVP Y41H recorded in H2O solution An 
amplification of the amide region of the spectrum is also shown (above) 
The line widths of the amide protons are substantially larger than those of aliphatic 
resonances As a result, TOCSY experiments in H-,0 were of limited quality The TOCSY 
( H 2 0 ) spectra reveal virtually all fingerprint (NH-C H) peaks but only a few relayed 
correlations from amide protons On the other hand, TOCSY experiments in D 2 0 allow one 
to identify the amino acid spin systems more completely Examples of TOCSY spectra are 
shown in Figures 5 and 6 (in the Supplement) Good quality NOESY spectra were obtained 
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in D2O as well as in rUO (Supplement) 
A more detailed description of the resonante assignment is given in the Supplement at the 
end of the chapter We have obtained a virtually complete identification of the amino acid 
backbone resonances and of a substantial amount of the side chain resonances as well Only 
the backbone α-resonances of Pro58 and Leu65 could not be unambiguously assigned as yet 
A complete list of the resonance positions is given in Table 1 A summary of short-range 
NOEs involving the NH, C a H and С H protons, as well as the С H protons of prolines, is 
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Figure 2. Sequence of M13 GVP Y41H with a summary of ¡he short range NOEs involving the 
NH, CaH and C^H protons, as well as the СУН protons of proline residues and the slowly 
exchanging NH protons The sequential connectivities displayed correspond lo the NOESY(H\0) 
data set recorded with a mixing time of 60 m\ 
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Table 1. Proton Resonance Assignments of CVP Y41H at pH 5.2 and 298 K. 





















































































































































































0.67, 1.47; С^Н-,0.62; 
1.43, 2.06; C f H ' 3.02 
0.72 
1.94, 2.33 
1.08, 1.30; С^НЗ 0.87, 
3.91, 4.12 





1.77; CÔH 3.27; N rH 
2.38, 2.50 
1.49, 1.42; CÒH 1.77; 
2.15, 2.04; CÔH 4.09, 
6.89; C fH 6.48 
1.60; CÔH 0.90, 0.85 
2.19, 2.09 
2.80 

























































































































































































1.95, 1.88; CÒH 3.82,3.70 
1.10, 1.04 
1.42; CÔH 0.67, 0.59 
0.82 
1.17, 1.15; CÔH 1.63; C fH 2.9 




2.00, 1.84; CÔH 4.01, 3.88 
7.15; C fH 6.82 
3.95, 3.73 
1.57; C6H 0.95, 0.92 










7.39; CeH 7.20; ( 5 н 6.97 
1.08, 0.92 
1.72 
7.31; CEH 7.39; ( 5 н 7.31 
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5 01 2 12 CYH 2 34, 2 60 
4 26 1 87 СЩ 0 61, C^H2 0 69, 0 83 
4 73 2 70, 2 43 
4 46 1 84, 1 70 C^H 1 56, CÔH 3 19, 3 16 
3 97 1 67, 1 49 CVH 1 44, CÔH 0 77, 0 69 
4 45 
5 17 0 76 C^H 0 87, CÔH 0 34, -0 53 
5 08 2 30 CYH 1 08 
4 10 CÔH 4 18, 3 86 
4 39 1 20 
4 20 1 84, 1 71 C^H 1 40, CÔH 1 71, C fH 3 02 
a
 A second ß resonance might be present but sofar the COSY data do not allow 
discrimination of this resonance from a γ resonance 
shown in Figure 2 Points of interest in the assignment are the large portion of extended 
stretches of d xj(i,i+l) connectivities indicative of extended ß-strands in the protein structure, 
and the absence of any helical content demonstrated by the lack of significant stretches of 
dNN(i,i+l) NOEs 
Secondary structure. 
Regular secondary structure elements were identified from a qualitative interpretation of 
NOE data and amide exchange data (Wuthnch, 1986) Three regular secondary structure 
elements were identified in GVP Y41H These are illustrated schematically in Figure 3 
First, a triple-stranded antiparallel ß-sheet, involving three stretches of the peptide chain 
(Lys3 - Ile5, Leu60 - Val63 and Leu83 - Pro85) can be invoked on the basis of the pattern 
of short-range da N(i , i+l) and long range daa(i,j),daN(i,j) and dNN(i,j) NOEs Furthermore, 
long-range side chain - side chain NOEs between residues on each of the adjacent strands 
were found The distribution of slowly exchanging backbone amide protons can be 
rationalized on the basis of this secondary structure element as forming interstrand hydrogen 
bonds between opposing amides and carboxyl oxygens 
A second element of secondary structure has been identified for residues Phe68 - Ile78 
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which form a ß-loop composed of an antiparallel ß-ladder (residues 68 - 71 and 75 - 78) and 
a turn (residues 72 - 74) Only the amide proton of residue 77 appeared slowly exchanging 
The third element of secondary structure comprises residues 1 3 - 3 5 and residues 43 - 48 
It is composed of two antiparallel ß-sheets which are partly triple-stranded The ß-loop 
encompassing residues 1 3 - 3 1 has been described by us previously (van Duynhoven et al , 
1990) It is composed of an antiparallel ß-ladder (residues 1 3 - 2 0 and 24 - 31) and a turn 
(residues 21-23) The second pari is formed by the stretches comprising residues 30 to 35 and 
residues 43 to 48 which are arranged in an antiparallel fashion as depicted in Figure 3 Slowly 
exchanging amide protons were mainly found in the second ß-sheet 
The major part ol the rest of the protein adopts turn-like structures imposed by the 
presence of the ß-sheets The data available so far (ι e the lack of J-couphng data) do not 
allow for an unambiguous classification into any of the regular turn structures described in 
the literature 
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Figure 3. Schematic representation of the three antiparallel ß-sheets ofM13 Y41H GVP The 
sequential and long range NOEs are indicated by arrows 
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The results obtained tor GVP Y4IH can be extended to (he wild type GVP molecule As 
pointed out in the beginning of this section, because ot its lower solubiht), it is very hard to 
record good quality NMR spectra of wild-type GVP in ЬЦО solution, a prerequisite for using 
the sequential resonance assignment procedure I he spectra obtained in D 2 0 solution are, 
however, of sufficient quality to permit a detailed comparison with those obtained for the 
Y41H mutant Previously, we have shown that the ß-loop encompassing residues 13 -31 in 
GVP Y41H is also present in the wild-type molecule Now, this can be extended to all 
secondary structure elements deduced in Y41H GVP Figure 4 shows parts of NOESY(D20) 
spectra of wild-type and mutant GVP where the long-range daa(i,j) NOE contacts reside 
which define the antiparallel β structures All contacts present in the spectrum of GVP Y41H 
55 50 45 40 35 
ChanMcal rtirft (Pfvnl 
Figure 4. Comparison ofNOESY(D->0) spectra ofM13 wild type GVP (upper diagonal) and Mil 
GVP Y41H (lower diagonal) Long-range d NOEs are indicated 
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are also present in the spectrum of wild-type GVP indicating that both molecules are identical 
at the secondary structure level 
A comparison of TOCSY(D 20) spectra of wild-type GVP and mutant GVP also shows that 
they are almost identical The assignments obtained for GVP Y41H can thus be used to 
identify amino acid proton resonances of the wild type molecule to evaluate for example the 
effects of oligonucleotide binding (Alma et al, 1982) Small but significant differences in a-
resonance chemical shifts (> 0 03 and < 0 12 ppm) between the two molecules were observed 
for residues 39,40,42 and 43 These residues are close in the sequence to the mutated residue 
41 A small long-range eftecl of the mutation was only found for the α chemical shift 
positions of residues Lys3 and Thr62 
DISCUSSION 
The assignment of the gene V protein encoded by the bacteriophage M13 has taken much 
longer than might be anticipated because of two reasons The native state of the protein is a 
dimer with a twofold axis of symmetry Increased overall correlation times for the dimer (-20 
kDa) in comparison to the monomer (~10 kDa) lead to greater resonance line widths and a 
concomitant loss of sensitivity in magnetization transfer experiments between scalar coupled 
spins 
Second, GVP dimers have a strong tendency to aggregate which makes the relaxation 
processes even more effective Aggregation of the protein dimers not only results in 
broadening of protein resonances but also of the solvent resonance Therefore, it becomes 
increasingly difficult to obtain spectra recorded in H 2 0 solution with a sufficiently suppressed 
solvent resonance and a good spectral appearance 
A major break-through in the structural studies of M13 GVP came from NMR studies on 
the solution properties of wild-type and several single site GVP mutants (Folkers et a l , 1991, 
previous Chapter) It was found that substitution of the tyrosine residue at position 41 in the 
sequence into a histidme (or phenylalanine) residue resulted in a significant improvement of 
the aggregation and solubility characteristics of the protein Oligonucleotide binding 
experiments have indicated that the mutant GVP Y41H still binds to ssDNA (Folkers et al, 
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1991, previous Chapter) Fluorescence binding studies have revealed, however, that its binding 
affinity to ssDNA is decreased in comparison to wild-type GVP and that this can be mainly 
attributed to a lower cooperalivity factor (Slassen et al, 1992b) The overall protein told 
seemed to be almost unaffected in the mutant GVP Y41H and was therefore subjected to 
further NMR investigations (van Duynhoven et al, 1990) 
The line widths of the individual proton resonances in mutant GVP Y41Η remained rather 
large due to the size of the molecule This is especially the case for the amide proton 
resonances As all scalar correlation experiments are limited to cases where the line widths 
are not greater than the size of the Η- Η couplings and, in the case of GVP Y41H, the line 
widths did indeed exceed the J-couphngs, the identification of complete amino acid spin 
systems became difficult Only a limited number of relayed through-bond connectivities were 
observed in the TOCSY experiments The presence of a great deal of ß-structure in the 
protein in which the NH-CaH coupling constants are relatively large was of great help in this 
respect The TOCSYi^O) spectra revealed fingerprint peaks (NH-CUH) for almost all of the 
residues but indeed did not reveal many relayed connectivities Despite the limited quality of 
the scalar correlation spectra, a virtually complete backbone assignment of the molecule could 
be made without having to rely on recently introduced strategies of NMR spectrum analysis 
based on 15N and 13C labeling of proteins (Marion et al, 1989, Zuiderweg & lesik, 1989, 
Clore el al, 1990) Contributing factors in this respect were the chemical shift dispersion of 
the amide region and the fact that the number of residues which had to be assigned was 
limited to 87, the amount of residues constituting one monomer This is because of the 
symmetry which exists in the molecule causing the fact that the NMR signals of the residues 
in both monomenc units are exactly superimposed The sequential assignment itself does not 
seem to be affected by the dimenc nature of the molecule because the probability of an NOE 
between for example an α-resonance to a neighbouring amide proton is not changed 
(Wuthnch, 1986) However, the interpretation of long-range NOEs becomes troublesome 
because no distinction can be made between NOEs between protons in the same monomer 
(intra) and between the different monomers (inter) (Breg et al, 1989, Arrowsmith et al, 
1990) 
The qualitative interpretation of NOE data revealed three elements of secondary structure 
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All elements are entirely composed of antiparallel ß-structure There is no evidence lor any 
helical elements More than 50% of the residues in GVP Y41H is part of a ß-ladder and 
therefore the presence of the ß sheets dominates the overall structure to a great extent The 
amide proton exchange data support the NOE data and are indicative of hydrogen bonds 
between amide hydrogens and carbonyl oxygens in the ß sheets Although the molecular 
geometry of the two ß-loops formed by residues 13 - 31 and 68 - 78 appear to favor 
intramolecular hydrogen bonding for the amide protons of residues 14, 16, 18, 20, 24, 26, 28, 
69, 71, 75 and 79, the proton exchange is relatively fast This indicates that there is a high 
degree of flexibility in the ß-loops, a phenomenon which has been described previously in the 
literature (Folkers et al, 1989, Haruyama et al, 1989) 
A comparison of NOEs of the mutant GVP Y41H and the wild-type species revealed that 
both molecules share the same secondary structure This conclusion can even be extended to 
the overall conformations of the two protein molecules It was previously shown that both the 
Tyr41 in wild-type GVP as the His41 in GVP Y41H are positioned on the outer surface of 
the protein (Garssen el al, 1980, van Duynhoven et al, 1990) Furthermore, the NOES Y 
spectra are very similar and the chemical shifts of the individual residues are well conserved 
Only a small effect on the chemical shifts of the residues near the mutated site, as well as an 
effect on two residues which are probably spatially proximate to the mutated site, could be 
observed Thus, these data suggest that substitution of the surface residue at position 41 in 
the protein causes only minimal changes, if at all, in the overall protein structure These 
observations and conclusions are in line with findings reported tor other proteins and their 
mutants (Folkers et al, 1989, Driscoll et al, 1990) 
The fact that the overall structures of wild type GVP and GVP Y41H are very similar 
permits a comparison of the NMR data of GVP Y41H with the crystal data which have been 
derived for the wild-type molecule (Brayer & McPherson, 1983) The X-ray coordinates were 
taken from the PDB data bank The refined crystal model of the native protein at 2 3 A 
resolution revealed that there are three major antiparallel ß-loops which characterize both 
monomer structures The first major loop is composed of residues 15-32 which has been 
termed DNA binding loop The return strand of the polypeptide chain forms a second major 
ß-loop composed of residues 33 - 49 These loops are arranged in such away that in part they 
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form a triple-stranded ß-sheet The final ß-loop, the so called dyad loop, composed of residues 
61 - 82, is oriented more or less perpendicular to the other two loops The dyad domain is 
characterized by the presence of two antiparallel ß ladders interrupted by a crossover of the 
strands The protein dimer is formed through a number of different kinds of side-chain and 
main-chain interactions These interactions are predominantly hydrophobic and involve 
residues which are part of the complex (33 49) and dyad (61-82) ß-loops The secondary 
structure elements present in the crystal model are indeed present in the secondary structure 
model derived from the NMR data A more detailed comparison shows, however, essential 
differences between the models obtained by the two techniques Previously, we have shown 
that the solution structure of the DNA binding loop deviates from that proposed on the basis 
of the X-ray data (van Duynhoven et al, 1990) In summary, the ß loop structure in solution 
is more regular than the one found in the crystal Furthermore, in the solution structure of the 
DNA binding loop, the ß-sheet is shifted four amino acid residues with respect to that of the 
crystal structure specifically, in the crystal structure, residue Tyr26 is positioned at the tip 
of the ß-loop structure, while in the solution structure this residue forms part of the 
antiparallel ß-sheet (Figure 3) The shifts in the actual positions ot the residues in the ß-loop 
is propagated into the rest of the molecule In the complex loop which is rigid and regular 
in both the crystal and solution structure, different combinations ot residues opposing one 
another were found In the crystal, we find the combination residue 32 and residue 48 while 
in solution residue 30 and residue 48 are opposite of one another in the ß-sheets The dyad 
domain structures inferred from both crystal and NMR data also disagree It is noted that, in 
Figure 3, the ß-sheets comprising the dyad domain are shown separately The pairwise 
arrangement of the residues in the respective ß-ladders is slightly different Residue 68 
opposes residue 77 in the crystal while in solution residue 68 and 78 are opposite of one 
another Another difference is that the N terminal part of the protein (residues 3 - 5) in the 
solution structure is adjacent to the first part of the dyad domain and arranged in a triple 
stranded ß-sheet (Figure 3), whereas in the crystal, it is pointing away from the bulk of the 
protein dimer Our observation nicely conforms to the chemical modification experiments 
which indicated that, in solution, the terminal ammo group is not accessible to reductive 
methylation (Gray et al, 1984) 
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As mentioned earlier, the NMR data do not provide unambiguous evidence with respect 
to the nature of long range NOEs in dimer proteins with equivalent monomers such as the 
gene V protein For example, the long range NOEs which characterize the ß-sheet structures 
could in principle be interpreted as NOEs between protons in the same monomer or between 
the different monomers The similarity between the overall folding in the crystal and NMR 
structure strongly suggests, however, that the secondary structure elements as deduced from 
the NMR data are present within the monomeric unit 
In summary, the global folding of M13 GVP in solution and in the crystal is comparable, 
but on the level of the positioning of the amino acids, significant differences are found 
SUPPLEMENT 
Sequence-specific assignments have been obtained using a two stage procedure as 
described by Wuthnch ( 1986) The first step of the procedure involves the assignment of each 
cross peak to a type of amino acid The information about coupled spins was obtained from 
COSY and rOCSY experiments, which exploit through-bond scalar couplings 
The second stage involves the assignment of the cross-peaks to specific amino acid 
residues in the protein sequence using NOE-conneclivities 
Analysis of spin systems 
Spin systems of Gly, Val, Ala, Thr, Leu and lie have characteristic patterns The TOCSY 
spectrum depicted in Figure ^ reveals many of those spin systems For example, the valine 
residues are characterized by pairs of methyl cross-peaks with their C aH and С H spin 
system protons Five out of eight valine spin systems appeared to have inequivalent methyl 
groups and could be assigned at this stage The remaining three, which have coinciding 
methyl resonances, could not be distinguished from He spin systems as only two out of four 
He spin systems could be unambiguously inferred from the TOCSY ( D 2 0 ) data sets Leu spin 
systems are characterized by pairs or meth>l resonances connected via pairs of cross-peaks 
to one or several protons of the spin system Unfortunately, GVP contains many Leu, Val and 
He residues which cause severe overlap problems in the region where the methyl to С H and 
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methyl to С H connectivities reside Only tor two leucine residues (Leu44 and Leu81), 
relayed connectivities between the C f lH resonances and their respective methyl resonances 
could be found Due to overlap problems in the TOCSY data sets obtained for D 2 0 samples 
and the limited quality ot the TOCSY spectra trom H 2 0 samples, it has been very difficult 
lo assign completely the side chains of the leucine residues Consequently, for only 5 out of 
10 Leu residues were complete assignments obtained (see Table 1) 
Chemical shift (ppm) 
Figure 5. Part of a 30 ms TOCSY spectrum of МП CVP Y4IH in D20 The assignment of 
several residues is indicated 
Ala and Thr residues both exhibit strong connectivities to their respective methyl 
resonances in TOCSY and COSY spectra All Thr residues could be identified from the 
TOCSY (D2O) spectra because apart from the С H to C^H3 connectivities and the CCIH to 
С H connectivities, the relayed C a H to С^КЦ connectivities were also present Three out of 
four Ala residues were identified as well In a later stage, the cross-peak at position (4 01 
ppm, 1 27 ppm) in the spectrum was found to contain the С II - С^ЬЦ connectivity of Thr48 
as well as the CHH СВЬЦ connectivity of AU55 
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Gly spin systems may give rise lo two fingerprint (NH-C aH) cross-peaks in scalar 
correlation experiments (see Figure 6) In D2O, a single cross-peak between the two α protons 
can be observed Four Gly residues (Gly 18, Gly23, Gly38 and Gly52) could be readily 
identified from the data sets 
Figure 6. Portion of the amide region 
of a 30 тч TOCSY spectrum of M13 
GVP Y4IH recorded in H20 The 
assignment of several residues is 
indicated at the position of the NH-CaH 
connectivity 
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Chflfncal shift Ippm) 
Other spin systems are not unique and therefore form groups of residues, for example the 
AMX side chain spin systems (Asn, Asp, Cys, Ser and the aromatics Phe, His, Tyr, Trp) In 
the case ot AMX spin systems, the random coil С Η chemical shifts fall in the region 2 5 -
3 9 ppm (Wuthnch, 1986, van Mierlo et a l , 1990) and no further distinction between the 
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different AMX spin systems is possible on the basis of the С H chemical shifts, except for 
Ser where С H chemical shifts typically tall in the region 3 5-5 0 ppm Four serines (Seri7, 
Ser20, Ser27 and Ser75) were immediately found in the TOCSY(D20) spectra At a later 
stage, we found out that Ser9 exhibits very small CaH - С H cross-peaks, Ser67 exhibits С H 
chemical shifts which are shitted to higher field close to the other AMX spin systems and the 
CaH-C H connectivities ot Ser66 are missing in all scalar correlation spectra 
The aromatic residues (Tyr, Phe and His) could be identified by virtue of the sequence-
specific assignments which was performed for the aromatic spectral region using aromatic 
missense mutants ot M13 G VP (Folkers et al, 1991, previous Chapter) These sequentially 
assigned residues provided excellent starting points for the sequential assignment of short 
stretches of amino acids of the protein All remaining spin systems (Pro, Gin, Glu, Met, Arg 
and Lys) were identified sequentially on the basis of further analysis of NOESY spectra in 
H 2 0 The assignments obtained so tar for M13 GVP Y41H are listed in Table 1 (above) 
Sequential analysis 
An example of a NOESY spectrum in H 2 0 solution is shown in Figure 7 The sequential 
analysis of the H-NMR data resulted in a nearly complete assignment of the amino acid 
backbone resonances and a substantial amount of the side chain resonances as well The 
sequential analysis is summarized in Figure 2 (above) and treated in more detail below 
Met 1. Methionine at position 1 was assigned by elimination, it was the only spin system 
which remained in the TOCSY (D20) spectra alter completion of the sequential analysis of 
the rest of the protein Only the α-resonance is listed in Table 1 as no discrimination could 
be made between the ß and γ proton resonances of the spin system 
Residues 2-6. The assignment of the N-terminal part of M13 GVP Y41H was not 
straightforward due to overlap problems and the absence of the through-bond NH-CaH 
connectivity of Ileo The fingerprint (NH-CUH) peak of Ile2 coincides with one of the 
fingerprint peaks ot Gly52 The residue could, however, be found because of the unique 
position of its С Hj resonance in the spectrum in combination with the presence of the 
relayed CaH-C ЬЦ peak in the TOCSY (D20) spectrum The sequential assignment was 
continued via d
a N connectivities It was found that Val4 contains methyl resonances with 
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degenerate chemical shifts Despite the absence ot the fingerprint (NH-C aH) peak of Неб, the 
residue could be assigned by virtue ot the presence of a strong d
n N connectivity between 
residue *i and 6 and again the tact that the С ЬЦ resonance of the isoleucine residue resides 
in a unique position in the spectrum 
Residues 7-12. Residues 6 and 7 could only be connected via a connectivity ot the d Q N 
type The u resonances of both amino acids exhibit identical chemical shift positions The 
sequential walk was then hampered by the presence of Pro at position 8 in the sequence After 
the majority of the protein was assigned, we have been able to find the Pro8 spin system by 
the observation of a da-(ò,ò') connectivity between Lys7 and Pro8 as well as d ^ and dßN 
connectivities between Pro8 and Ser9 The rest of the assignment of this stretch ot amino 
acids was rather straightforward because of the presence of many sequential connectivities 
(see Figure 2) The presence of d ^ connectivities reflects the turn-like nature of this part of 
the protein 
Residues 13-31. The sequential assignment of this part of the sequence has been discussed 
previously (van Duynhoven et al 1990) 1 he sequential assignment of this part of the protein 
was rather straightforward, and was only interrupted at Pro25, which is in the trans 
conformation It is noted that we have obtained additional side chain assignments tor some 
of the amino acids in this stretch of residues during the course of the assignment process 
Residues 32-35. The assignment of this stretch of amino acids is dominated by strong 
duN(i,i+l) connectivities The С H protons of Cys33 were assigned on the basis ot NOESY 
spectra because ot the absence of through bond connectivities from C a H or NH to the С H 
protons in all scalar correlation experiments 
Residues 36-42. The NH chemical shift position of Asp36 almost coincides with that of 
a few other residues (Leu65, Ser67, Phe73 and Leu81) which causes severe overlap in this 
region of the spectrum However a clear dßN connectivity between аП5 and Asp36 could 
be detected The assignment ot this residue was further aided by the observation of relayed 
NH С H connectivities in the TOCSY(H 20) spectra The NH chemical shift position of Leu 
37 differs only by 0 03 ppm of the NH chemical shift position of the previous residue Clear 
djj^ connectivities from residue 36 to 37 could, however, still be seen The assignment of 
residues 38 41 was very straightforward Striking for the amino acids spin patterns in this 
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Figure 7. Portion of the amide region of the 100 ms NOESY spectrum of M13 GVP Y4IH 
recorded m H^O For the stretches comprising the residues 30 - 35 and 43 49, the d J(i,i + 1) 
and ад^(і,і+1) are indicated by continuous and dashed hues, respectively The mira-residual as 
well as the sequential NOE connetta ities are labeled Missing intra-residual CaH(i)-NH(i) NOE 
connectivities are labeled with an χ In addition, a few long range NH-CaH connectivities are 
indicated 
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region of the protein is the presence of many relayed correlation peaks from amide protons 
in the TOCSY(H20) spectra Pro42 is in the trans conformation as shown by the presence 
of a sequential d ^¡ connectivity between Pro42 and Val43 and a da-(ò,ò') connectivity 
between His41 and Pro42 
Residues 43-49. The spin pattern which can be ascribed to Val43 was already identified 
as a valine spin pattern from the TOCSY spectra recorded in D 2 0 and H 2 0 solution The 
sequential assigment of this stretch of residues was rather straightforward and again 
dominated by strong d a N(i , i+l) connectivities The side chains of these residues could also 
be characterized rather well except for the Leu49 residue 
Residues 50-58. Sequential connectivities of Leu49 to Asp50 could not be found as both 
residues almost exhibit degenerate amide proton chemical shift positions The AMX spin 
pattern or Asp50 was found in the TOCSY spectra recorded in D 2 0 as well as in H 2 0 
Strong d a N and dßN connectivities were found to the next residue which could be connected 
to a unique Gly spin pattern This sequential walk became unique for residues 50 52 after the 
assignment of residues 36 38 had been accomplished A clear dN N connectivity connects 
residue Gly52 with Gln53 The presence of a daN(i,i+2) contact between residue 51 and 53 
is indicative for the presence of a turn Residue 53 is followed by a sequence in which the 
residues Ala55-Tyr56-Ala57 are sandwhiched between two Pro residues Pro54 could be 
identified at a late stage of the assignment process and is in the trans conformation Residues 
55-57 could easily be assigned because a sequence specific assignment of Tyr56 had already 
been obtained with the help of a series of aromatic mutant proteins of GVP Strong d a N(i , i+l) 
connectivities were found for this stretch of amino acids The assignment of Pro58 remained 
problematic even after completion of the assignment of the rest of the protein Clear da-(o,o') 
NOE connectivities between Ala57 and Pro58 can be observed but the α resonance of Pro58 
could not be unambiguously assigned as yet due to the absence of clear through-bond 
connectivities for this residue in the TOCSY(D 20) spectra 
Residues 59-64. Gly59 could not be connected to Pro58 as the backbone α-resonance of 
that residue could not be assigned However, clear d
a N connectivities originating from both 
α resonances of the Gly were seen to the next residue The next residue could be connected 
up to the residue which was assigned as Tyrol and this made the assignment of the two 
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previous residues firm The rest of the assignment is dominated by strong dc(N(i,i+l) and 
dßK^u+l) connectivities and was therefore rather straightforward 
Residues 65-67. The assignment of these residues was rather difficult due to severe overlap 
problems and the absence of through bond connectivities in the various TOCSY spectra d a N 
and dovi connectivities connect His 64 to residue Leu 65 The «-resonance of Leu65 has not 
yet been unambiguously assigned However, the sequential walk could be continued due to 
the presence of a с к ^ connectivity connecting residues 65 and 66 The ß-resonances of Ser66 
(1 β 
could not previously be found because of the absence of С Η С Η connectivities in all scalar 
correlation spectra The amide chemical shift position of Ser66 coincides with the amide 
chemical shift positions of Ile47 and Tyr56 The NOFSY spectrum recorded at 3Ü4 К in 
which the amide of the Ser residue resides at a unique chemical shift position revealed the 
ß-resonances of this residue It appeared that the intra-residual NH С Η NOE connectivities 
of Ser66 overlapped with the intra-residual NH-C aH connectivities of Ile47 and Tyr56 in the 
spectra recorded at 298 К The sequential walk could be continued via a connectivity of the 
dj^-type to the previously unidentified spin pattern of Ser67 
Residues 68-78. Phe68 had been assigned before and its assignment could be confirmed 
Strong d ( l N(i,i+1) connectivities are characteristic for this stretch of amino acids The residues 
72 74 are part of a turn as evidenced from the presence of a d ( x N(i,i+2) connectivity between 
residues 72 and 74 and the presence of strong d N N connectivities between residues 73 74 and 
75 
Residues 79-82. The difficulty in assigning this stretch of amino acids was due to Leu81 
The assignment of the first two residues was straigthforward The amide resonance of Leu81 
resides in a very crowded region (see above) of the spectrum and it was therefore difficult 
to trace its α-resonance Furthermore, it was found that the sequential connectivity which 
connects Leu81 and Arg82 overlaps with the intra-residual NH-C Η connectivity of Seri5 
The NOESY spectrum recorded at 304 K, however, revealed this sequential connectivity At 
this elevated temperature, we were also able to differentiate Leu81 from Leu65 which exhibit 
almost identical amide chemical shift positions 
Residues 83-87. The C-terminal part coula easily be assigned and is in a ß conformation 
(Figure 6) The sequential walk was, however, interrupted by the Pro at position 85 This is 
Secondary structure of M13 GVP Y41H 65 
in a trans conformation similar to the other Pro residues 
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CHAPTER 4 
Exploring the DNA binding domain of gene V protein 
encoded by the bacteriophage M13 with the aid of spin-
labeled oligonucleotides in combination with 'H-NMR* 
ABSTRACT 
The DNA binding domain of the single-stranded DNA binding protein, gene V protein, 
encoded by the bacteriophage M13 was studied by means of H nuclear magnetic resonance, 
through use of a spin labeled deoxytnnucleotide The paramagnetic relaxation effects observed 
in the H-NMR spectrum of M13 GVP upon binding of the spin-labeled ligand were made 
manifest by means of two-dimensional difference spectroscopy In this way, a vast data 
reduction was accomplished which enabled us to check and extend the analysis of the two-
dimensional spectra carried out previously as well as to probe the DNA binding domain and 
its surroundings The DNA binding domain is principally situated on two ß-loops The major 
loop of the two is the so-called DNA binding loop (residues 16-28) of the protein where the 
residues which constitute one side of the ß ladder (in particular residues Ser20, Tyr26 and 
Leu28) are closest to the DNA spin-label The other loop is part of the so-called dyad domain 
of the protein (residues 68-78), and mainly its residues at the tip are affected by the spin label 
(in particular, Phe73) In addition, a part of the so-called complex domain of the protein 
(residues 44-51) which runs contiguous to the DNA binding loop is in close vicinity to the 
DNA The NMR data imply that the DNA binding domain is divided over two monomenc 
units of the GVP dimer in which the DNA binding loop and the tip of the dyad loop are part 
of opposite monomers The view of the GVP-ssDNA binding interaction which emerges from 
our data differs from previous molecular modeling proposals which were based on the GVP 
crystal structure (Brayer & McPherson, 1984, Hutchinson et al , 1990) These models 
implicated the involvement of one or two tyrosines (Tyr34, Tyr41) of the complex loop of 
the protein to participate in complex formation with ssDNA In the NMR studies with the 
spin-labeled oligonucleotides, no indication of such interactions have been found Other 
differences between the models and our NMR data are related to the structural differences 
found when solution and crystal structure are compared 
Ρ J M Folkers, J Ρ M van Duynhoven, H T M van Lieshout, В J M Harmsen, J H van 
Boom, G I Tesser, R Ν H Konings, & С W Hilbers (1993) Biochemistry 32, 9407-9416 
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INTRODUCTION 
During the last decades, our insight into cellular processes, such as DNA replication, 
transcription and translation has been significantly broadened A considerable amount of 
biochemical research has been carried out in order to study the specific functions of key 
proteins involved in these processes, the DNA binding proteins Although the general function 
of these proteins is known, the detailed molecular mechanisms underlying the regulation of 
a variety of processes at the DNA level remain to be elucidated for a large number of 
systems However, progress has been made in the understanding of the recognition of specific 
double stranded DNA (dsDNA) sequences by DNA binding proteins Several classes of these 
proteins have been identified based on common functional domains which are involved in the 
recognition of dsDNA (for review, see Freemont et al , 1991) The knowledge of the DNA 
binding proteins that recognize single-stranded DNA (ssDNA) has not advanced that far Very 
recently, the structure of the retA protein of Escherichia coli which binds to ssDNA as well 
as to dsDNA has been determined (Story et al, 1992) Of the class of proteins which solely 
bind to ssDNA, only the crystal structure of one of its members, namely the gene V protein 
(GVP), of the filamentous bacteriophage Ff (M13, f1, fd), is known (Brayer & McPherson, 
1983) The refined model of this dimeric protein reveals that the individual monomers are 
entirely composed of ß-structure and that they are closely associated about a dyad axis On 
the basis of the crystal structure and several physico-chemical observations, models describing 
the complex formation of ssDNA with GVP have been proposed (Brayer & McPherson, 1984, 
Hutchinson et al, 1990) 
Recently, however, NMR studies have indicated essential differences between solution and 
crystal structure of GVP (van Duynhoven et al, 1990, Folkers et al, 1991b) Furthermore, 
in several papers, physico-chemical observations contrasting the proposed ssDNA-GVP 
interaction models have been reported (King & Coleman 1987, 1988, Folkers et al, 1991a) 
Therefore, we have embarked on studies concerning the structure of GVP and its interaction 
with ssDNA in solution This paper reports of NMR experiments aimed at extending our 
knowledge about the interaction of Ff GVP with ssDNA at the sub-molecular level This has 
been achieved with the aid of spin-labeled oligonucleotides in combination with ID- and 2D-
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NMR techniques (de Jong et dl, 1988, 1989) The method involves the evaluation of 
"relative" and "absolute" difference 2D spectra, computed from the 2D spectra of GVP 
recorded in the presence and absence of (small amounts of bound) spin-labeled 
oligonucleotides, utilizing both the NOESY and TOCS Y technique (de Jong et al, 1988, 
1989) We have predominantly used the "solubility" mutant M13 GVP Y41H (Folkers et al, 
1991a, Stassen et al, 1992a) for this purpose, of which high quality NMR spectra could be 
obtained and of which a majority of the proton resonances have been assigned (Folkers et al, 
1991b, previous Chapter) It is shown that these assignments could easily be checked as far 
as the DNA binding domain and its surroundings was concerned by means of 2D NOESY 
difference spectra recorded in H20 
We present here a complete analysis of the difference 2D spectra, and a description of the 
DNA binding domain and its surroundings based on the solution structure of GVP The results 
will be discussed in the light of the proposed interaction models and other relevant physico-
chemical data 
MATERIALS AND METHODS 
Isolation and sample preparation 
Gene V of the bacteriophage M13 was cloned and expressed in Escherichia coli under the 
control of the arabinose inducible promoter ol Salmonella typhimurium (Stassen et al, 1992a) 
Mutant GVP was constructed by means of chemical mutagenesis techniques (Stassen et al, 
1992a) The mutant GVP Y41H which was investigated in the 2D-NMR studies described, 
contained a histidine instead of a tyrosine residue at position 41 of wild-type M13 GVP 
Mutant GVP Y41H and wild-type GVP were prepared and isolated as described previously 
(Garssen el al, 1977, van Duynhoven el al, 1990) After dialysis against 1 mM cacodylate 
buffer (pH 6 9) containing 50 mM NaCl, the purified GVP was lyophihsed and stored at -20 
°C Samples of M13 GVP, either dissolved in 99 8% D20 or 90 % H2O/10 % D20, 
contained a few millimolar of NaCl and no buffer components 
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Spin-labeled oligonucleotides 
The spin-label trinucleotide, three adenyl residues, to which the spin-label, 4-hydroxy-l 
oxyl-2,2,6,6-tetramethyl piperidine (TEMPO) was covalently attached via phospho-diester 
bonds at both the 5' and 3' ends of the oligonucleotide, was synthesized, purified, and 
characterized as described by Claesen et al., (1986). We will refer to this spin-label as: 
* * * • 
d(A)3 , where the asteriks refers to the attached spin-label. The concentration of d(A)3 in 
H 2 0 (at pH 7) was determined from its absorption at 260 nm, using the absorption coefficient 
for the adenine trimer (Cassani & Bollum, 1969) corrected for a slight extra absorption by 
the TEMPO moiety, i.e. 37500 Μ'Ότι" 1 . 
The oligonucleotide d ( A ) ] 6 was synthesized using the phospho-triestcr method (Arentzen 
et al., 1979). The oligonucleotide was used as the Na+ salt. The concentration of d(A) f 6 was 
determined at 260 nm using the absorption coefficient 155000 M cm . 
Spin-labeled oligonucleotide binding experiments 
The binding experiments were carried out by adding small amounts of a concentrated 
solution of the spin-labeled oligonucleotide (up to 0.05 molar equivalents) to the protein 
solutions. The experiments were executed in a manner similar to that described previously in 
a study of the IKe phage-encoded gene V protein (de Jong et al., 1988, 1989). 
Table 1. 2D experiments performed using spin-labeled d(A)-> 
sample3 concn (mM) solvent expt mixing Molar equiv 
time (ms) of *d(A)3* b 
GVPY41H 2.5 H 2 0 NOESY 150 0.05 
GVPY41H 3.0 H 2 0 NOESY 150 0.02 
GVP Y41H 4.0 D 2 0 NOESY 100 0.05 
GVPY41H 4.0 D 2 0 TOCSY 26 0.05 
wild-type GVP 1.5 D 2 0 TOCSY 34 0.03 
a
 the pH was adjusted to 5.2 in all samples. Amount of added d(A)3 in Molar 
equivalents (defined with respect to monomer protein concentration). 
The d(A) 3 ( D 2 0 ) solutions contained a few millimolar salt and were prior to the 
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experiments adjusted to the pH ot the protein sample The concentration of mutant GVP 
Y41H ranged from 2 4 mM (monomer) and the wild-type GVP concentration amounted to 
1 5 mM (monomer) The pH was adjusted to S 2 with diluted DCI An overview of the 2D 
experiments which were performed is given in Table 1 
NMR spectroscopy 
H-NMR experiments were performed at 600 MHz on a Bruker AM600 spectrometer 
interfaced to an Aspect 3000 computer The data were processed on an Aspect 3000 
workstation. All two-dimensional spectra were recorded in the pure phase absorption mode 
by making use of TPPI (Marion & Wuthnch, 1983) with the carrier at the position of the 
solvent resonance TOCS Y (or НОН AH A) (Bax & Davis, 1985) were recorded in D 2 0 
solution with mixing times of 26 and 34 ms The mixing was carried out with the MLEV17 
pulse scheme with delays before and after the 180 pulse of the scheme to compensate for 
cross relaxation peaks (Gnesinger et al, 1988) NOES Y (Jeener el al, 1979) spectra were 
recorded with mixing times of 100 and 150 ms In the NOESY(H20) experiments, 
suppression of the solvent resonance was achieved by replacing the last pulse of the sequence 
by the jump-return sequence (Plateau & Guéron, 1982) For experiments in D20, only 
continuous irradiation of the residual water resonance was used during the recycle delay 
Optimization of the receiver phase was performed to eliminate baseline distortions (Marion 
& Bax, 1988). Furthermore, additional baseline corrections were performed on the spectra 
recorded in H20 solution, after Fourier transformation in two dimensions Typically, 400-512 
increments of 2K. data points were recorded The data sets were processed with either 
gaussian or squared sine functions, and zerofilling was applied to obtain spectra with a 
resolution of 8 1 Hz/point 
Difference spectra 
ID and 2D difference spectra were calculated by subtraction of the spectra recorded before 
and alter the addition of the spin-labeled oligonucleotide to the protein sample Apart from 
absolute difference spectra for which the cross-peak intensities are given by 
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Id(ditl) = l(absence) - I(presence)C 
also relative difference spectra were calculated tor which l.(diff) is given by 
I
r
(diff) = 100[I(dbsence)-I(presence)C/(I(absence)] 
I(absence) and l(presence) are the intensities ot the peaks in the absence and presence, 
respectively, of the ьріп-labeled oligonucleotide In calculating relative difference spectra, a 
minimum absolute intensity level, I(minimum), tor peaks in the unperturbed spectrum was 
defined to discriminate between noise and peaks С is a constant factor used to correct tor 
systematic deviations in cross-peak intensities (de Jong et al, 1988) 
The subtraction ot the two-dimensional spectra was achieved using a home-written 
PASCAL program running on the Aspect 3000 computer 
RESULTS 
General remarks 
The majority of the experiments which will be discussed below have been applied to 
mutant Y41Η of M13 GVP because it exhibits significantly improved solubility characteristics 
over wild-type GVP (Folkers et al 1991 a) For comparison, however, we have also performed 
NMR difference measurements utilizing the spin-labeled oligonucleotides with a 1 ^  mM 
sample of wild-type GVP in D2O solution The validity of the approach was further checked 
by comparing the binding of non-modified oligonucleotides to wild-type GVP and mutant 
GVP Y41H, respectively To this end, we have titrated both mutant and wild-type protein 
with a variety of oligonucleotides with different chain length and recorded H-NMR spectra 
in a similar fashion as described by Alma et al (1982) The binding affinity gradually 
increases with increasing oligonucleotide chain length for both protein molecules (see also 
Alma et al, 1982) The spectral changes which occur as consequence of the addition of 
different oligonucleotides to both molecules, are, however, very similar In Figure 1, the shift 
of the aromatic C f Η resonances ot tyrosine 26 of both wild-type and mutant GVP Y41H are 
shown as function of the added oligonucleotide d(A))f) (see legend of Figure 1) The results 
obtained indicate that mutant GVP Y41H binds to ssDNA with virtually the same affinity as 
DNA binding domain of M13 GVP 75 
the wild-type protein Additional Huorescence binding experiments have revealed, however, 
that the binding affinity ot mutant GVP Y41H for polynucleotides is decreased in comparison 
to wild type GVP, which can be mainly attributed lo a lower cooperativity lactor (Stassen et 
al, 1992b) 
Δ ö (ppm) 
1 2 3 4 6 
Mononucleotlde/protein monomer 
Figure 1. Plots of the shift (лЬ) in ppm of the г protons of Tyr26 of wild-type (+) and mutant 
GVP Y4IH (O), respectively, as function of the added oligonucleotide d(A)¡6 The amount of 
d(A)16 added is expressed as the ratio of oligonucleotide vs protein (in mononucleotide and 
protein monomer units) 
The spin-labeled oligonucleotide bound to a macromolecule selectively broadens the 
resonances which are in close vicinity of the spin-label Difference spectra computed from 
spectra obtained in the absence and presence of the spin-labeled ligand, will thus display the 
resonances originating from the residues which are part ot the DNA binding domain and its 
surroundings Both "absolute" and "relative" 2D difference spectra were calculated The 
absolute difference spectra display in particular the difference effects of strong cross-peaks 
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The relative difference spectra instead give a more reliable view of the genuine perturbation 
of the cross-peaks in the 2D spectra For a more detailed explanation of the experiment, we 
refer to papers published previously (de Jong et al, 1988, de Jong et al, 1989) 
The difference spectra also reveal some small shifts that are caused by the change in 
sample conditions upon addition of the spin labeled DNA It was suggested previously that 
the shift effects are related to a specific aggregation effect of GVP which is indicative of the 
occurrence of protein - protein interactions between dimeric gene V protein molecules 
(Folkers et al, 1991a) A change in the aggregation state of the protein is accompanied by 
small shifts of resonances of residues which possibly are involved in protein - protein 
interaction By plotting both the positive and negative levels, we checked the origin of the 
difference effects in absolute difference 2D spectra to discriminate paramagnetic relaxation 
effects from shift effects The degree ot aggregation of GVP is also dependent on the total 
protein concentration (Folkers et al ,1991a) Hence, the shift effects were also investigated by 
means of protein concentration dependent 2D NMR measurements using wild-type GVP 
samples 
Analysis of the paramagnetic difference spectra 
In Figure 2 , two TOCSY(D20) spectra of 4 mM GVP Y41Η are shown, the first recorded 
in the absence ot d(A)j and the second being the absolute difference spectrum calculated 
+ * 
from the spectra recorded in the absence and presence of 0 05 molar equivalent of d(A)^ 
It is noted that the residues which are significantly perturbed by the spin labeled 
oligonucleotides also shift significantly in the presence of non-modified oligonucleotides The 
addition of the spin-label and calculation of the difference spectra results in a tremendous 
reduction of connectivities The connectivities observed in the TOCSY(D20) spectrum could 
be assigned by virtue of the nearly complete assignment of mutant GVP Y41H made by us 
previously (Folkers et al, 1991b, previous Chapter) Apart from obtaining difference spectra 
in D9O, it was also possible to perform the experiments in H^O with samples of GVP Y41Η 
Particularly useful in this respect is the recording of NOESY^^O) difference spectra because 
those give the possibility of making sequence-specific assignments for a special subset of the 
protein sequence Figure 3 shows the potential of such an experiment in an absolute difference 
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plot Almost continuous sequential walks can he made for three stretches ot the protein 
sequence The major stretch extends from residue Gin 10 to residue Glu3(), the resonances of 
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Figure 2. (A) Part of the 26 mi TOCSY(D20) spectrum of 4 mM GVP Y41H recorded at a 
temperature of298K (B) Absolute difference plot calculated by subtraction of the spectrum in (A) 
and a TOCSY spectrum recorded after addition of 0 05 Molar equivalent of d(A)
 ? The 
assignment of all connectivity patterns is indicated Relayed connectivities are indicated by 
continuous lines 
the first live residues of this stretch appear in the spectrum because of the occurrence of shifts 
instead ot a broadening of the cross-peaks The sequential walk is secured by many sequential 
connectivities because ot the long mixing time used The strongest perturbations were found 
tor the part comprising residues Arg16 - Leu28 A second stretch of residues which could be 
78 Chapter 4 
tied up in the NOESYf^O) difference spectra starts at the a resonance of Val45 and ends 
at residue Glu51 The intra-residual NOE contacts of Leu44 are missing in the difference 
spectrum because of their absence in the original NOESY(H20) spectrum However, the 
TOCSY(D20) spectrum shown in Figure 2 reveals a part of the Leu44 connectivity pattern 
and therefore this residue is still to be considered as being part of or close to the DNA 
binding domain. A third stretch of residues which could be identified in a sequence-specific 
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F/gure 3. (A) Part of а 150 ms NOESY(H70) spectrum of 2 5 mM CVP Y41H recorded at a 
temperature of298K (B) Absolute difference plot calculated by subtraction of the spectrum in (A) 
and a NOESY spectrum recorded after addition of 0 05 Molar equivalent of d(A) j For the 
stretches comprising the residues 16-30 and 70-81, the ά^ι,ι+Ι) and άβ^ι,ι+Ι) are indicated 
by continuous and dashed lines, respectively The intra-residual C(JH(i)-NH(i) NOE connectivities 
are labeled Missing intru-residual С Η(ι)-ΝΗ(ι) NOE connectivities are marked with an χ 
manner comprises residue Lys69 through Arg 80 The sequential walk is, however, interrupted 
at residue Leu76. The connectivity pattern expected for Leu76 is hardly visible in all recorded 
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2D spectra The sequential d ^(ι,ι+Ι) and dßtq(i,i+l) connectivities between Ser75 and Leu76, 
are, however present in the NOESY(H20) difference spectra A very small sequential 
daN(i,i+1) contaci between Leu76 and Met77 permits the further continuation of the 
sequential walk The results obtained are in exact accordance with the assignments reported 
previously (Folkers et al, 1991b, previous Chapter) 
Apart from the sequential connectivities, many long-range connectivities emerge in the 
difference spectrum Most of these had already been assigned and are ot the dalsj(i,j) type 
which are indicative of the antiparallel ß-sheet structure which is abundantly present in GVP 
Y41H However, not all long-range NOE connectivities which emerge in the difference 
spectra could be unambiguously assigned before Very interesting in this respect is the contact 
between the α resonance of Ser75 and the amide resonance ot Lys46 Before considering this 
particular NOE contact, we note that the secondary structure elements which were identified 
from the 2D experiments previously (Folkers et al, 1991b, previous Chapter) could be 
extended alter careful examination of the 2D Ή-NrvlR, 3D ' H - N M R , and also 3D 
heleronuclear NMR data involving N labeled GVP Y41H (data not shown) It turned out 
that the N-terminal segment of GVP (residues 3-6) is connected to one strand ot the complex 
loop (residues 33-36) as judged from several backbone to backbone, backbone to side chain 
and side chain to side chain NOF contacts (see Figure 4) In addition, the amides of residues 
5 and 34 and to a lesser extent of residues 7 and 36 have a slow rale of exchange with the 
solvent and therefore likely are hydrogen bonded to the carboxyl oxygens of the opposite 
strand in the anti-parallel ß-sheet structure (see Figure 4) 
The secondary structure elements as deduced so far from the NMR data are present within 
each monomenc unit of the GVP dimer (Folkers et al, 1991b, previous Chapter) This 
secondary structure, however, does not include the unambiguously assigned NOE between 
residues Lys46 and Ser75 It is therefore very likely that this NOE is a so-called 
intermonomer NOE which connects the backbones ol both monomenc units (see Discussion) 
After this crucial NOE was assigned, a very small NOE which connects the amides of 
residues 76 and 46 could also be identified The complete secondary structure including the 
inter-monomer contacts is presented in Figure 4 The NOE data and the fact that the amide 
of Lys46 exchanges very slowly (data not shown) suggests the presence of a hydrogen bond 
80 Chapter 4 
between the carbonyl of Gly74 and the amide of Lys46. 
Figure 4. Schematic representation of the complete secondary structure of M13 GVP Υ4ΠΙ. The 
sequential and long-range NOEs are indicated by arrows. The prime notation refers to residues 
that derive from the second monomer. 
Other long-range NOE connectivities which appeared in the NOESY(H20) difference 
spectra are the NOE contacts between the C H and CYH of Thr48 and the side chain amide 
proton of Arg80. The presence of these NOE connectivities was corroborated by the fact that 
in NOESY(D 20) difference spectra, NOE connectivities between CßH and CYH of Thr48 and 
the C H resonances of Arg80 were found. 
Description of the DNA binding domain 
After assigning all connectivity patterns in the 2D difference spectra, we are able to 
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consider the locution of the binding domain in more detail The relative difference 2D spectra 
are used tor this purpose All residues which are affected by the spin-label are shown in 
Figure 5 and are arranged within the framework of the elucidated secondary structure (see 
Figure 4) The percentage intensity decrease of the cross-peaks ol the residues were taken 
from the TOCSY(D20) data of GVP Y41H and is included in Figure 5 as well Some of the 
cross-peaks of the relatively strongly coupled α resonances of the glycines are missing in the 
TOCSY spectrum because of a significant contribution of antiphase magnetization to these 
cross-peaks Therefore, we have extracted the values for the percentage intensity decrease of 
the cross-peaks for several of the glycines from NOESY(D20) and NOESY(H20) difference 
spectra after a full comparison of the data obtained in the different NMR difference 
experiments was made The actual percentages which were found in the different experiments 
are not exactly the same The reason for this is related to differences in signal filtering in the 
different types of experiments The rotation correlation time of the GVP system (τ
ς
 = 15 ns) 
is in the range where the paramagnetic effect on 1 2 (<ind T.D) is considerably stronger than 
on T] (de Jong el al, 1988) In TOCSY experiments, we are dealing with so-called T 2 
filtering or actually Tj filtering, and in NOESY experiments we are dealing with an effect 
on the Tj relaxation time Furthermore, there are also differences in the length of the mixing 
times used in the experiments and the amounts of spin label which have actually been used 
Apart from differences in the actual percentage values, the overall pattern in the percentage 
intensity decrease of the residue cross peaks which emerges in all data sets available is very 
much the same 
It can be seen immediately that the signals of the aromatics Phe73 and Tyr26 are filtered 
out to 100% Apart from these two aromatic residues, the resonances of the serine at position 
20 and leucine at position 28 are also strongly affected in the presence of the spin-label 
Therefore, we can conclude that the average distance between the free electron of the bound 
spin-labeled molecule and the nuclei of the Ser20, Tyr26, Leu28 and Phe73 spin systems is 
the shortest of all spin systems for which cross-peaks are observed in the TOCSY contour 
plots of the unperturbed protein 
Different segments of the protein sequence are affected by the spin-label The protein 
segment running from residue 16 to residue 28 which had been designated earlier as DNA 
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binding loop is very strongly affected by the spin-label Examination of Figure 'S clearly 
reveals the distinct differential influence of the spin-label on the spin systems of this loop 
Dyad loop 
Figure 5 Schematic representation of the percentage intensity decrease m cross peak intensities 
in M13 CVP Y41H The numbers m the boxes above the residues denote the average of the 
percentage intensity decrease of that residue's cross-peaks Additionally, the boxes under the 
residues are representative of the degree of the decrease in the cross-peak intensities as follows 
(Ш) boxes refer to strongly affected residues (> 85%), (Ш) boxes refer to moderately affected 
residues (60-80%), (O) boxes refer to weakly affected residues (35-55%), (O) boxes refer to very 
weakly affected residues (< 35%) 
The strongest difference effects are connected with residues in its ß-ladder The residues 
which constitute the tip of the loop are influenced to a lesser extent The ß-ladder comprises 
two sides one side is formed by the side chains of the residues Seri7, Vali9, Pro25, Ser27, 
the other side is formed by the side chains of residues Arg16, Glyl8, Ser20, Lys24, Tyr26 
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and Leu28 The distance dependence of the spin-label induced relaxation implies that the 
distance between the spin-label and the residues which are part of the surface constituting 
residues Arg16, Gly18, Ser20, Lys24, Tyr26 and Leu28 must on the average be shorter than 
that between the spin-label and the opposite surface The differences become even more clear 
when the individual connectivities within each residue are evaluated Especially, the relative 
intensity differences of the connectivities belonging to protons which are positioned further 
up in the side chains become apparent For example, in residue Lys24 which is on the surface 
closest to the spin-label, the connectivities of the protons further up in the side chain become 
more perturbed by the spin-label, while in, e g , residue Vall9 these connectivities are less 
perturbed by the spin-label This further indicates that the TFMPO group of the bound spin-
labeled oligonucleotide is in close contact with one of the two surfaces The data presented 
in Figure 5 show no discernible difference between the perturbation of residues Argló and 
Seri 7 This is partly due to the fact that no connectivities are present in the TOCSY spectrum 
involving protons which reside further up in the side chain of the Argl6 residue The 
NOFSY(H20) difference spectra reveal, however, a stronger perturbation of the connectivities 
belonging to the Argló spin system than the ones belonging to the Seri7 spin system 
The protein segment neighboring the DNA binding loop comprising residues 44 through 
51 is also affected by the spin-labeled oligonucleotide A part of this protein segment 
(residues 43 48) is arranged in an anliparallel fashion with respect to a stretch comprising 
residues 30-35 (Folkers et al , 1991b) The other residues are part of a turn The typical 
character of the anti-parallel ß-structure where the side chains of the amino acids alternatingly 
point upward and downward is also in the case of this ß-strand (residues 43-48) reflected in 
the relaxation induced perturbation pattern The surface of the ß strand formed by the side 
chains of the residues Leu44, Lys46 and Thr48 is closer to the spin-label than the surface 
formed by the side chains of residues Val45, Ile47 and Leu49 The residues in the turn, ι e , 
Asp50 and Glu51, are both moderately affected by the spin-label It is very striking that the 
opposite ß strand comprising residues 30-35 of this particular antiparallel ß-sheet (formed by 
residues 43-48 and 30-35) is not affected by the spin label, except for a weak effect on 
Glu30 
The protein segment running from residue Lys69 to Arg80 which is part of the so-called 
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dyad domain (Brayer & McPherson, 1983) of the protein also emerges in the paramagnetic 
difference spectra I he majority of the residues in this segment is part of a so-called ß-loop 
(residues 68-78) It can be seen immediately from Figure 5 that in contrast, to the DNA-
binding loop, the residues in the tip of this loop are more significantly perturbed than the 
residues which constitute the ß-ladder Especially the phenylalanine at position 73 is very 
strongly affected The stretch of residues 69-71 which is part of one of the ß-ladders of the 
loop is only weakly affected by the spin-label, and a clear alternating pattern in the 
perturbation of its residues cannot be seen The stretch comprising residues 75-78 is also 
weakly affected by the spin-label except for residue Ser75 It seems likely that the spin-label 
is closer to the surface formed by the side chains of the residues 75 and 77 than the surface 
formed by residues 76 and 78 The residues Asp79 and Arg80, which are part of a turn 
following the above mentioned ß-loop, are both moderately perturbed by the spin-label 
Although not many differences were expected between the results of the spin-label 
oligonucleotide binding experiments obtained for mutant GVP Y41H and the wild-type 
molecule, a comparison was made between these two To this end, we have recorded 
TOCSY(D20) spectra of 1 5 mM wild-type GVP in the absence and presence of the spin-
labeled oligonucleotide Although the experimental conditions used in the experiments 
performed on Y41H GVP and wild-type GVP were not exactly the same (see Materials & 
Methods section), the actual percentage intensity decrease values of the residue cross-peaks 
are almost identical Therefore, it can be concluded that both wild-type and Y41H GVP share 
the same DNA binding domain 
Instead, differences between the two proteins are related to their interactions between gene 
V protein dimers Two-dimensional protein concentration dependent NOESY^^O) 
measurements were performed on wild type GVP in order to obtain more information about 
residues possibly involved in dimer-dimer interaction Apart from the aromatic resonances of 
Tyr41 which shift quite significantly depending on the protein concentration (e g see Folkers 
et al ,1991a), shift effects could be observed for residues Phel3, Tyr34, Gly38, Asn39, Glu40 
and Pro42 
Similar shift effects could also be observed in ID and 2D paramagnetic difference spectra 
The addition of the spin-labeled oligonucleotide causes a change in the sample conditions 
DNA binding domain of M13 G VP 85 
(Folkers et al ,1991a) The NOESY(H20) difference spectrum of Y41H GVP shown above 
displayed shifts for residues 10-1S In other experiments, small shifts were also observed for 
residues 3, 4, 5, 35, 36, 60, 61, 62, 83, 84 and 85 
DISCUSSION 
In the previous Chapter, the H-NMR assignments for the GVP mutant Y41H of the 
single-stranded DNA protein encoded by gene V of the filamentous bacteriophage M13 were 
reported (see also Folkers et al , 1991b) The progress made in the H-NMR structural studies 
of M13 GVP Y41H has also enabled us to further explore its DNA binding domain using 
spin-labeled oligonucleotides in combination with H-NMR 
The paramagnetic difference spectra obtained with the aid of the spin-labeled 
oligonucleotide hgands not only provide information about the location of the ssDNA binding 
domain but also result in a vast data reduction which in itself is very helpful in providing 
additional sequential and long-range NOEs Wc would like to emphasize that the spectral 
changes which occur upon binding of spin-labeled oligonucleotides to GVP are congruent 
with the changes observed in the binding of different non modified oligonucleotides ranging 
from 2 to 60 in length (Alma et al , 1982, King & Coleman, 1987,1988, de Jong et al , 1989, 
Folkers et al , 1991a) Previously, it had already been shown that the difference spectra 
acquired with GVP protein samples dissolved in D 2 0 simplify the residue specific assignment 
ol residues located in the binding groove to a great extent (de Jong et a l , 1989) In addition, 
the spin-label experiments in H 2 0 presented in this paper are of great help in the sequential 
assignments A very nice example is the assignment of Phe73 The resonance position of the 
amide proton of Phe73 almost coincides with that of four other residues (Asp36, Leu65, Ser67 
and Leu81) which complicates its assignment significantly (Folkers et al , 1991b) The 
difference spectra in H 2 0 however, only display a limited number of connectivities at that 
particular chemical shift position, making the assignment of Phe73 rather straightforward (see 
Figure 3) 
The secondary structure of M13 GVP Y41H consists of two ß-loop structures and a large 
five-stranded antiparallel ß-sheet The presence of the five-stranded antiparallel ß-sheet in the 
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solution structure ot M13 GVP Y41H has not been reported as such by us previously (Folkers 
et al , 1991b, previous Chapter) Examination of some recently recorded 2D NMR data sets 
under different conditions (higher temperature), and some homo- and heteronuclear 3D NMR 
data sets, revealed the NOE contacts shown in Figure 4 (see Results) which join the 
previously identified triple-stranded antiparallel ß sheet comprising three stretches of the 
peptide chain (Lys3 - Ile5, Leu60 - Val63 and Leu83 - Pro85) with the previously identified 
double-stranded antiparallel ß-sheet which is part of the so-called complex domain of the 
protein (residues 30-48) The similarity between the overall folding in the NMR structure and 
the available crystal structure of wild-type GVP indicates that the secondary structure 
elements as deduced by NMR are present within the monomenc unit (Brayer & McPherson, 
1983, Folkers et a l , 1991b) It was, however, noted previously that the NMR data and those 
derived from X-ray crystallography are different at the local level Therefore, we have 
specifically compared the newly derived parts of the secondary structure which emerged from 
our NOE evaluation with the distances between the relevant backbone atoms from the crystal 
coordinates The crystal data do not reveal the ß structure element connecting the strands 
comprising residues 3 6 and residues 33-35 In the crystal structure, residues Pro8 and Val35 
are in close proximity of one other, suggesting a four residue shift ot the crystal data with 
respect to the NMR data 
The NOESY difference spectra reveal several long-range NOEs Apart from the long-range 
NOEs of the duN(i,j) and d (i,j) type which make up the secondary structure elements in 
GVP, not many long-range NOEs were observed The reason for this is related to the fact that 
the spin-label is a surface probe and therefore does not reveal long range information of 
residues which constitute the central core of the protein 
The long-range NOEs particularly mentioned under Results were not assigned before The 
long-range NOE between the α resonance of Ser75 and the NH resonance of Lys46 which 
is of the d xi(i,j) type is not accounted for in the elucidated antiparallel ß-strueture elements 
Therefore, this particular NOE together with the NOE connecting the amides of Lys46 and 
Leu76 can only be explained as being inter-monomer NOEs, ι e , NOEs between backbone 
atoms which are part of different monomer units The presence of these NOEs together with 
the fact that the amide of Lys46 exchanges slowly with the solvent suggests the presence ot 
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a hydrogen bond between the amide ol Lys46 and the carbonyl of Gly74 Again, the NMR 
data are not congruent with the crystal data In the crystal structure, residue Lys46 and residue 
Phe73 of the symmetry-related monomer are in close proximity of one another Furthermore, 
inter-monomer hydrogen bonds are found between the amide of Gly74 and the carbonyl of 
Lys46 as well as carbonyl of Phe73 and the amide of Lys46, suggesting a one residue shift 
with respect to the NMR data 
The observed NOEs between Thr48 and Arg80 probably are intramonomer contacts as 
judged from preliminary structure calculations based on our NMR data (unpublished results) 
as well as the available crystal structure 
The results of our spin-label oligonucleotide binding study allow a comparison with 
experimental results from a variety of physico-chemical studies performed over the years, all 
intended to obtain more insight in the DNA binding domain of GVP In most of these studies, 
special attention was paid to positively charged and aromatic residues It has, for example, 
been suggested from chemical modification studies that Lys24, Lys46 and Lys69 are involved 
in binding to ssDNA (Dick et al, 1988) Indeed, our spin-labeled oligonucleotide binding 
studies indicate that Lys24, Lys46, and to lesser extent Lys69 are in close vicinity to the spin-
label The other three lysines present in GVP, Lys3, Lys7 and Lys87, are not affected by the 
spin-label, and the secondary structure model proposed by us also does not indicate that these 
residues are in close vicinity to the structural elements which are involved in ssDNA binding 
The positively charged Arginines at position 16, 21 and 80 have also been implicated in 
ssDNA binding (Brayer & McPherson, 1984), which was indeed corroborated in our binding 
studies Arg82 is not involved in ssDNA binding although a very small perturbation effect 
caused by the ohgonulcotide spin-labels on the side chain amide resonance of this particular 
residue has been observed (data not shown) Of the aromatic residues, we and others have 
already argued that the only aromatic residues which are involved in ssDNA binding are the 
tyrosine at position 26 and the phenylalanine at position 73 of the molecule (King & 
Coleman, 1987, Folkers et al, 1991a) NMR binding studies with longer ssDNA fragments 
which may be more relevant with respect to complex formation under cooperative binding 
conditions reveal a similar view (King & Coleman, 1988) Finally, the hydrophobic residue 
Leu28 has also been implicated to interact with the nucleotides (King & Coleman, 1987) The 
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paramagnetic difference spectra shown in this paper provide additional information about the 
DNA binding domain and its surroundings Residues Ser20, Thr48, Asp50, Glu51 and Ser75, 
for example, had never been implicated as being part of or close to the DNA binding domain 
The DNA binding domain comprises residues which constitute two antiparallel ß-loops and 
a ß-strand which runs contiguous to one of the ß-loops The so called DNA binding loop 
(residues 16-28) is the most important loop as judged from the relaxation induced perturbation 
pattern This is corroborated by the fact that this part of the amino acid sequence of the 
protein is conserved best when comparing the amino acid sequences of closely and distantly 
related ssDNA binding proteins (van Duynhoven et al , 1993) The spin-label is in close 
vicinity of one side of the ß-ladders of the loop constituting the even-numbered residues such 
as Ser20, Tyr26 and Leu28 The other ß loop is part of the dyad domain of the protein In this 
ß-loop, mainly the tip is affected by the spin-labeled oligonucleotide Both these ß loops are 
relatively flexible as judged from the fact that the exchange of their amide protons is 
relatively fast (Folkers et al , 1991b, previous Chapter) A part of the complex domain of the 
protein consisting of a ß-strand (residues 44-49) and part of a loop (residues 50 and 51) is 
also part of the DNA binding domain 
As mentioned earlier, the paramagnetic difference spectra contain the inter-monomer NOEs 
between residue Lys46 on one hand and residues Ser75 and Leu76 on the other hand The 
fact that these NOE contacts appear in the NOESY(H20) ditlerence spectrum forces us to 
conclude that the DNA crosses the monomer monomer interface of the GVP dimer In other 
words, this observation implies that the DNA binding domain of GVP is divided over its two 
functional units, a phenomenon which has been suggested previously but never has been 
unambiguously proven (Brayer & McPherson, 1984) 
The location ol the putative DNA binding domain of GVP has been proposed earlier on 
the basis of molecular modelling utilizing the crystal structure in conjunction with solution 
data (Brayer & McPherson, 1984) The NMR data clearly predict a different DNA binding 
path than this model describes This is in part due to the structural differences between 
solution and crystal structure Another reason is that in the X-ray model some amino acid 
residues are implicated in ssDNA binding that are not affected by the presence of the spin 
labeled oligonucleotides in our NMR experiments 
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Very prominent structural differences between solution and crystal structure are found in 
the DNA binding loop of GVP of which the residues are clearly at a different position in the 
two structures (van Duynhoven et dl, 1990) The fact that a great deal of flexibility exists in 
the ß loop indicate that the position of the loop relative to the core of the protein may change 
upon binding A rearrangement of the residues of the binding loop as predicted in the X-ray 
modeling study is, however, not expected and probably not needed when considering the 
solution data According to the NMR data, the DNA is positioned on one of the sides of both 
strands of the DNA binding loop and is not running along one of the strands of that ß-loop 
as the X ray model suggests The DNA binding path runs along a part of the complex 
domain, of which residues 46,48 and also the loop residues 50 and 51 are positioned on the 
same surface as all even numbered residues of the DNA binding loop, a feature which is 
lacking in the GVP crystal structure In the solution and crystal structure, residue Arg80 
which takes part in ssDNA binding is positioned close to residue Thr48 and probably stems 
from the dyad domain (residues 62 82) of the same monomeric unit as Thr48 In the proposed 
model, the DNA binding path crosses the monomer monomer interface to interact with the 
tip residue Phe73 of the dyad loop of the symmetry-related monomer and then runs on along 
the loop of the complex domain, thereby interacting with Tyr34 and Tyr41 The NMR data 
indicate that the binding path indeed crosses the monomer-monomer interface to interact with 
residues constituting the lip of the dyad loop However, the complex loop is not involved in 
ssDNA binding As a consequence, the path is shorter than the chosen sloichoimetry of 5 
nucleotides per monomer of the proposed model, probably being 3 4 nucleotides per monomer 
in length, congruent with the outcome ot several binding studies (Alma et al, 1983, Bulsink 
étal , 1986, Kansy et al, 1986) 
More recently, an alternative model for the complex has been proposed on the basis of the 
crystal structure (Hutchinson et al 1990) The model does not implicate Tyr41 in ssDNA 
binding but suggests the involvement of Tyr34 in ssDNA binding under cooperative binding 
conditions The importance of 1 yr34 as well the close proximity of Leu83 in the DNA 
binding channel in their model could not be confirmed in our studies with the spin-labeled 
oligonucleotides 
As reported earlier, especially residue Tyr41 and maybe also residue Tyr34 are involved 
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in protein-protein interactions between GVP dimers (Folkers et al, 1991a) It is of interest 
in the light of modelling studies describing the full GVP-ssDNA superhelix to investigale 
which protein surfaces on the protein are responsible for the strong interaction between the 
GVP dimers which may form the physical basis tor the observed cooperativity in the binding 
of the protein to ssDNA 
Hence, two-dimensional protein concentration dependent NOESY(D20) measurements 
have been used to shed some light on the possible protein - protein interaction surfaces The 
increase of the protein concentration leads to an increase in aggregation which is accompanied 
by small changes of the chemical shift positions of the proton resonances of several residues 
The problem with these experiments is that due to spectral overlap and broadening ot all 
spectral lines at relatively high protein concentrations, only significant shift effects are 
observed in not too crowded regions ot the spectrum In fact, this problem is rather similar 
to the interpretation of, for example shift effects in normal oligonucleotide protein binding 
experiments 
Careful analysis of the origin of the difference effects in the paramagnetic difference 
spectra obtained with the use of the spin-labeled oligonucleotide ligands revealed some 
additional shift effects Apart from the residues constituting the complex loop (residues 36-42) 
of the protein, it seems likely that the surface formed by residues of three stretches of the 
polypeptide chain (Lys3 - lle5, Leu60 - Val63 and Leu83 - Pro85) are involved in protein -
protein interactions as well 
In conclusion, it could be shown that GVP predominantly utilizes two ß-loops tor complex 
formation with ssDNA which are divided over both functional units of the GVP dimer In the 
study, further differences between the crystal and solution structure have become apparent 
Therefore, the elucidation of the complete three-dimensional solution structure is now 
imperative to obtain a more precise view of the ssDNA-GVP interaction 
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CHAPTER 5 
Overcoming the ambiguity problem encountered in the 
analysis of Nuclear Overhauser Magnetic Resonance 
spectra of symmetric dimer proteins* 
ABSTRACT 
The structure determination of symmetric dimers by means of NMR is obstructed 
because it is intrinsically impossible to distinguish between their intra- and inter subunit 
NOEs in regular NOESY spectra This problem can be overcome using heterodimers 
consisting of both а С labeled and an unlabeled monomer in combination with the 
appropriate selection of inter-subunit NOEs utilizing NMR methods based on 
heteronuclear double-half-f liters The NMR method used was succesfully applied to mutant 
Tyr41 -* His of the single-stranded DNA binding protein encoded by gene V of the 
bacteriophage M13, which in solution occurs as a symmetric dimer with a molecular 
weight of 19 4 kDa 
P J M Folkers, RH A Folmer, R Ν H Konings, & С W Hilbers (1993) J Am Chem 
Soc IIS, 3798-3799 
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INTRODUCTION 
NMR spectroscopy has developed into a generally accepted method for the 
determination ot the three-dimensional solution structure of proteins with molecular 
weights up to ~ 20 kDa In many instances, proteins are only biologically active when 
they are combined into symmetrical dimers The structure determination of such dimers by 
means of NMR is obstructed because it is intrinsically impossible to distinguish between 
their intra- and inter-subunit NOEs in regular NOESY spectra Yet, NMR structures of 
some dimenc proteins have been obtained (Clore et al, 1989, Breg et al, 1990, Kay et al, 
1991) In most of these cases, a comparison of the NMR data with the coordinates of the 
available crystal structure of the same (Kay et al, 1991) or an homologous protein (Breg 
et al, 1990) made it possible to sort out the ambiguities 
It is, however, possible to resolve the ambiguity problem with NMR by using 
asymmetric isotope labeling (Weiss, 1990, Arrowsmith et al, 1990) So far, this has been 
achieved by using heterodimers composed of different selectively deuterated proteins The 
method necessitates at least two protein preparations, each containing a different 
deuteration level ol their corresponding amino acids The inter-subunit NOEs can be 
identified in an indirect manner through comparison ot the NOESY spectra of the 
heterodimers with that of each selectively deuterated homodimer 
However, a more practical approach for overcoming the ambiguity problem with NMR 
1 Τ 
is leasible After formation of heterodimers between uniformly С labeled and unlabeled 
( C) protein, inter-subunit NOEs can be identified directly using an appropriate NMR 
method In this paper, we demonstrate this approach for the dimenc gene V protein (GVP) 
encoded by the filamentous bacteriophage M13 
RESULTS AND DISCUSSION 
Intra- and inter-subunit NOEs in symmetric dimer proteins can be distinguished in a 
very convenient manner provided that their subunits can be made magnetically non-
equivalent By mixing C-labeled and unlabeled dimer proteins under the appropriate 
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conditions, a mixture can be generated of doubly unlabeled homodimers, doubly Γ­
ι ι 
labeled homodimers, and heterodimers consisting of both a C-labeled and unlabeled 
monomer The pulse sequence used to study the asymmetrically labeled symmetric dimer 
complex is depicted in Figure 1 It is a variant of the 2D heteronuclear double-half-filter 
NOESY experiment described previously (Otting & Wuthnch, 1989) Two data sets are 
I -1 Q 
recorded, one in which both С 180 editing pulses are applied and one in which both 
С 180 editing pulses are effectively omitted Addition of the two recordings results in a 
ι 'λ 
spectrum in which NOE cross-peaks are observed among C-bound protons as well as 
1 7 
among C-bound protons Subtraction of these recordings yields a spectrum in which 
1 - l 
only NOE cross-peaks are observed between on one hand C-bound protons and on the 
11 
other hand C-bound protons, thus yielding a subspeclrum containing only the desired 
inter subunit NOEs 
Compared to the protocol in earlier experiments (Otting & Wuthnch, 1989) in which 
the contents of the above mentioned subspectra are further separated in C(œl)- C(co2) 
ι τ 1 -1 1 1 
doubly filtered and C(col)- C(to2) doubly selected subspectra, as well as C(tûl)-
filtered/ C(u>2)-selected and C(tol)-selecled/ C(ü)2)-filtered subspectra respectively, 
the present approach offers a reduction ol the measuring time by a factor ol two The 
original protocol would in principle be applicable to symmetric dimers, but contrary to the 
case of asymmetric complexes (Wider et al, 1990), the four subspectra mentioned above 
would be pairwise identical to one another Therefore, the two-step phase cycle (with Ψ | = 
Ψ 2 = χ or -χ) is the most efficient way to extract all the relevant information of the 
asymmetrically labeled dimers 
The proposed experiment was applied to mutant Tyr41 -» His (Y41H) of the single-
stranded DNA binding protein, M13 gene V protein (GVP), which in solution occurs as a 
symmetric dimer (Folkers et al, 1991a,b) In order to be able to perform the experiment, 
1-1 19 
conditions at which GVP С- С heterodimers are formed were sorted out The 
procedure was tested with a mixture of GVP mutant Y41H and M13 wild-type GVP of 
which hybrids could be distinguished from the respective homodimers on a monoS cation-
exchange FPLC-column It turned out that formation of heterodimers can be achieved 
under mild conditions (overnight incubation at 20 C) by mixing C-labeled and 
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Figure 1 Pulse scheme of the 2D C(a>l,a>2) double-half-fìller NOESY experiment to study 
symmetric dimers The delay τ is chosen as τ=Ι/[2 J( C, H)J Low power Garp decoupling 
is used during the detection period on both the aromatic and aliphatic С resonances 
utilizing an external CW amplifier driven by two synthesizers and interfaced to a GARP box 
(Tschudin Associates, Shaka et al, 1985) The phases φ/ - φί5 are independently alternated 
between χ and -x, which results in a phase cycle of 64 steps The receiver phase is inverted 
whenever the phase of a 9(r Η pulse is alternated Data are acquired with the TPPÌ method 
for obtaining quadrature detection in the t¡ dimension by alternating the phase of the first Η 
pulse (Marion & Wuthrich, 1983) The basic phase cycle is repealed two times with the phase 
Ψ] = Ψ2 = x αηα" Ψ; = ^ 2 = ~x> respectively The two data sets are recorded in an 
interleaved manner and stored separately 
unlabeled GVP Y41H at a protein concentration ot •=» 1 μΜ, at which hall of the protein 
molecules occur as monomers (Kd - 10 M for the dimer complex) Subsequent 
concentration of the diluted protein solution generates a mixture of three species the 
originally prepared homodimers and the wanted, novel, magnetic heterodimers 
Figure 2 shows parts ot the two subspectra which were obtained after addition and 
subtraction of the recorded data sets Subspectrum В displays various inter-monomeric 
NOEs some of which are indicated It is noted that NOEs originating from the 
1 ^ homodimers, either doubly unlabeled or doubly C-labeled material, are canceled in this 
1 ^ 
spectrum Possible artifacts which may occur due to insufficiently suppressed C-bound 
proton signals pose no particular problem as these are largely attenuated due to efficient 
Asymmetric labeling of G VP Y41H 97 
1 ^ proton relaxation m such large uniformly C-labcled systems For smaller molecules, 
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Figure 2. Two spectral regioni from the H NOESY(D20) spectrum of the mutant Y41H gene 
V protein dimer complex (19 4 kDa) recorded at 600 MHz using the double-half-filter 
experiment of figure 1 (τ = 3 5 ms, ттіх = 120 ms, t-¡ and t2 aquisition times 24 and 123 ms, 
total recording time 56 h, concentration of GVP heterodimers present — 0 7 mM, pD = 5 2, t 
= 27 °C) (A) Subspectrum obtained after addition of the two recorded data sets In the 
spectrum, the cross-peaks between C-bound protons in both co/ as ω2 as well as cross-
peaks between C-bound protons in both dimensions are superimposed 
(B) Subspectrum obtained after subtraction of the two recorded data sets. The spectrum 
contains cross-peaks between C-bound protons in ω/ and C-bound protons in u>2 plus 
cross-peaks between C-bound protons in to/ and C-bound protons in ω2 Some of the 
intermolecular identified NOEs are indicated 
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however, it may be useful to employ the recently described double filters which are 
tunable to different JH χ values but exhibit longer delay times (Gemmecker et al, 1992) 
Inspection of spectrum В reveals that of all aromatic residues of GVP, only NOE cross-
peaks stemming from Phe68 emerge in the spectrum The resonances of this aromatic 
residue particularly connect lo those of Ile78 Thus, the Phe68 spin system of one 
monomer is in close proximity of that of Ile78 of the symmetry-related monomer 
Interestingly, the regular NOESY spectrum also displays a dQ r t contact between residues 
68 and 78 (shown in Folkers et al, 1991b) which does not appear in spectrum B, 
demonstrating that this is an ìntra-subunit connectivity Both residues are therefore also in 
close proximity of one another within each monomer The existence of both intra- and 
inter-subunil NOEs between the Phe68 and Ile78 spin systems demonstrates that these two 
amino acids are close to the dyad axis of the GVP dimer This observation does not 
conform to the X-ray data obtained for wild-type GVP which indicated that residues 
Phe68 and Met77 are positioned in the center of the molecule (Brayer & McPherson, 
1983) 
In conclusion, it is shown that inter-subunit NOEs can be unambiguously identified in 
1 τ 
symmetric dimer proteins using heterodimers consisting of both a C-labeled and an 
unlabeled monomer The NMR method is applicable to dimeric proteins with molecular 
weights of at least 20 kDa The NMR experiment, of which the dimensionality can easily 
be extended (Wider et al, 1991), provides data which are very valuable for the 
determination of the three-dimensional structure of symmetric dimer proteins 
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CHAPTER 6 
The solution structure of the Tyr41 -» His mutant of the 
single-stranded DNA binding protein encoded by gene V 
of the filamentous bacteriophage M13* 
ABSTRACT 
The solution structure of mutant Tyr41 -» His ot the single-stranded DNA binding 
protein encoded by gene V ot the filamentous bacteriophage M13 has been investigated by 
nuclear magnetic resonance spectroscopy Two- and three-dimensional NMR experiments 
have been employed with a variety of NMR samples of gene V protein, some of which 
were uniformly enriched with either N or С The structure of the mutant gene V 
protein which occurs in solution as a symmetric dimer was calculated using a two stage 
procedure The first step of the procedure involved the calculation of a set of individual 
monomer structures with the distance geometry program DIANA This was then followed 
by the calculation of dimer structures employing 'simulated annealing' protocols with the 
program X-PLOR Hereby, the problem of assignment of intra- and inter-subunit NOEs of 
the symmetric dimer was circumvented through use of a target function that correctly 
deals with the intra- and inter subunit contributions to the NOE peaks Furthermore, a 
pseudo energy term was employed to restrain the symmetry of the dimer In addition to 
this novel calculation strategy, we have incorporated distance information for a set of 
NOEs which were unambiguously identified as inter-subunit NOEs using an NMR strategy 
based on asymmetric labeling A total of 20 structures were calculated for the M13 gene V 
protein mutant Tyr41 -» His based on approximately 1000 experimental restraints derived 
from tht NMR data The structure ot residues 1 15 and 29-87 of both monomers is 
reasonably well determined with an average atomic rms difference between the individual 
structures and the respective mean structure of » 0 9 A for the backbone atoms and •= 1 4 
A for all atoms The orientation of the exposed anti-parallel ß loop (residues 16-28) with 
respect to the core could not be determined The molecular architecture of each of the 
monomers includes a five-stranded ß-barrel enclosing a hydrophobic core and two-
antiparallel ß-loops The dimer structure is stabilized predominantly by hydrophobic 
residues primarily involving the symmetry-related dyad domains (residues 64-82) of the 
monomers Residues which are close to bound single-stranded DNA were identified 
previously from binding experiments with spin-labeled oligonucleotides The solution 
structure of mutant Tyr41 -» His of the M13 gene V protein is consistent with these 
binding data and provides a clear view of the protein's single-stranded DNA binding path 
*PJM Fol kers, M Nilges, R H A Folmer, R N H Konings, & C W Hilbers (1994) 
J Mol Biol 236, 229-246 
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INTRODUCTION 
The gene V protein (GVP) encoded by the filamentous bacteriophages M13, fd and f1, 
often collectively referred to as Ff, is a single stranded DNA (ssDNA) binding protein 
which plays an indispensable role in the phage replication process (for a review, see 
Model & Rüssel, 1988) Late after infection, the protein binds strongly and cooperatively 
to ssDNA and initiates in this way the switch of double stranded DNA synthesis to the 
production of progeny viral strands Furthermore, GVP functions as a translational 
repressor, binding specifically to the leader sequences of the messenger RNAs of gene II, 
V and X (Model et al, 1982, Yen & Webster, 1982, Zaman et al, 1990, 1991) It is one 
of the most extensively studied members of the class of ssDNA binding proteins M13 
GVP consists of 87 amino acids, and occurs in solution predominantly as a dimer with a 
molecular mass of 19 4 kDa In 1983, its crystal structure was reported at 2 3 Â resolution 
(Brayer & McPherson, 1983) Detailed NMR studies of GVP could not be undertaken 
until recently because of the occurrence of significant protein aggregation at moderate 
protein concentrations (Folkers et al, 1991a) The construction of "solubility" mutants of 
M13 GVP, in particular the Tyr41 -» His mutant (GVP Y41H), made structural studies of 
GVP in solution feasible (Folkers et al, 1991a,b) Recently, we presented the majority of 
the assignments of the H-NMR spectrum of GVP Y41H and the delineation of elements 
of regular secondary structure (Folkers et al , 1991b, Folkers et al, 1993b) It turned out 
that both GVP monomers consist of two ß-loop structures and a large five stranded ß 
sheet Although the global folding of M13 GVP in solution and in the crystal is 
comparable, significant differences were found on the level of the positioning of the amino 
acids These differences bear consequences for the view of the GVP-ssDNA binding 
interaction (Folkers et al, 1993b) For a full understanding of the gene V protein function, 
we therefore need to resolve its solution structure 
In this chapter, we present the solution structure of M13 GVP Y41H To pursue this 
goal, we set out to extract a large number of structural restraints from the NMR data 
However, in general, NMR data do not provide unambiguous evidence with respect to the 
nature of long-range NOEs in dimer proteins with equivalent monomers such as gene V 
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protein, ι e long-range NOEs can in principle be interpreted as NOEs between protons in 
the same subunit (intra) or between the different subunits (inter) In order to calculate the 
structure of M13 GVP Y41H, we have used a structure calculation strategy as put forward 
recently by Nilges (1993) in which an appropriate target function is incorporated which in 
principle, makes the actual assignments of NOEs as intra- or inter-subunit unnecessary In 
addition, the results of a novel NMR strategy based on asymmetric labeling was 
incorporated (Folkers et al, 1993a) The three-dimensional solution structure of M13 GVP 
Y41H is represented by a family of 20 calculated structures Implications of the GVP 
Y41H solution structure with respect to the ssDNA-binding mechanism will be discussed 
MATERIALS AND METHODS 
Isolation and sample preparation 
Gene V protein of bacteriophage M13 was cloned and expressed in Escherichia coli 
under the control of the arabinose inducible promoter of Salmonella typhimurium (Stassen 
et dl, 1992d) The mutant GVP Y41H was constructed by means of chemical mutagenesis 
techniques (Stassen et al, 1992a) Mutant GVP Y41H was prepared and isolated as 
described previously (Garssen et dl, 1977, van Duynhoven et al, 1990) Uniformly Ν-
or C-ldbeled protein was obtained by growing the bacteria on minimal media using 
NH4C1 or C-ennched glucose (99 9% enriched), respectively as the sole nitrogen or 
carbon source, followed by the usual isolation procedure 
After dialysis against 1 mM cacodylate buffer (pH 6 9) containing 50 mM NaCl, the 
purified protein was lyophilised and stored at -20 С M13 GVP Y41H, either dissolved in 
99 8% D20 or 90% H2O/10% D 20, was measured at low ionic strength without any buffer 
components present NMR samples contained 2-5 mM unlabeled GVP or 1-2 5 mM 
labeled GVP 
Formation of GVP heterodimers was achieved by mixing C-labeled and unlabeled 
protein at a protein concentration of 1 μΜ (or less) at which half of the protein molecules 
occur as monomers (Kd ·> 10 M for the dimer complex) Subsequent concentration of 
the diluted protein solution gives rise to a mixture of three types of dimers, two of which 
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are homodimers (doubly unlabeled or doubly C-labeled) and one is the heterodimer 
between a C-labeled and an unlabeled monomer (rolkers et al 1993a) 
NMR spectroscopy 
NMR spectra were recorded on Bruker AM 400 and AM 600 spectrometers interfaced 
to Aspect 3000 computers Both homo- and heteronuclear NMR experiments were 
performed in two- and three-dimensions A normal selective H probe was used for the 
homonuclear H measurements, whereas an inverse probe was used for heteronuclear Η­
Ν/ С measurements N decoupling was achieved with a continuous broad-band 
amplifying facility (Bruker BFX-5) by using the GARP composite pulse decoupling 
scheme (Shaka et al, 1985) Low power decoupling on both the aromatic and aliphatic 
ι ч 
С resonances was achieved utilizing an external CW amplifier driven by two 
synthesizers and interfaced to a GARP box (Tschudin Associates) During the 3D 
experiments an AM timer box was used to reduce overhead time (Kay et al, 1989) 
2D Η NMR experiments were conducted which exploit through-bond scalar couplings, 
such as DOF-COSY (Ranee et al, 1983), P-COSY (Manon & Bax, 1988) and clean-
TOCSY (MLEV17) (Bax & Davis, 1985, Griesinger et al, 1988) In addition, 2D Ή 
NOES Y spectra (Jeener el al, 1979) were recorded with mixing times of 60, 100 and 150 
ms The long mixing time NOESY spectra were used for identification of NOEs, and short 
mixing time NOESY spectra were used for quantification ot cross-peak intensities to 
derive approximate interproton distances Examples of processed 2D NMR spectra have 
been published elsewhere (Folkers et al, 1991b, Folkers et dl, 1993b) All 2D spectra 
were recorded in the pure phase absorption mode by making use of TPP1 (Marion & 
Wuthnch, 1983) with the carrier at the position of the solvent resonance Typically, 
spectra were recorded at 298 К 
Additional to the 2D Η η m r spectra, 2D and 3D heteronuclear NMR experiments 
were conducted at 298K The two-dimensional H detected hetero multiple quantum 
correlation (HMQC) experiment (Bax et al, 1983, Bendell et al, 1983), the 4 l detected 
hetero single quantum correlation (HSQC) experiment (Bodenhausen & Ruben, 1980), the 
relayed HMQC-correlated (HMQC-J) experiment (Kay & Bax, 1990) and HMQC-nuclear 
Solution structure of M13 GVP Y41H 105 
Overhauser (HMQC NOESY) experiment (Gronenborn et al, 1989) were performed in 
H 2 0 on uniformly N labeled GVP Y41H The 1/(2JNH) delay in these experiments was 
set to 4 6 ms Typically, 8-16 transients were recorded per tj increment The number of t| 
increments recorded ranged from 256 1024 
The amide NH solvent exchange was investigated at 400 MHz by recording HSQC 
spectra To this end, a sample of 1 mM GVP Y41H was prepared in H 2 0 solution, pH 
5 2, and freeze-dned The sample was redissolved in D 20, centrifuged for 10 minutes to 
remove large aggregates and 'S min thereafter, the first HSQC spectrum was recorded 
Subsequently, a few consecutive HSQC spectra were recorded each with 16 transients and 
160 tl increments, having a sweep width of 1 39 kHz in Fj and 5 0 kHz in F 2 The 
duration of each of the 2D experiments was approximately one hour 
A 2D С (ω1,ω2) double half-filter NOESY experiment was performed on a sample 
11 
ot GVP Y4IH containing heterodimers between C-Iabeled and unlabeled monomers 
(Folkers et al, 1993a) The experiment is fully described in Chapter 5 In summary, two 
data sets were recorded, one in which both С 180 editing pulses are applied and one in 
1 λ 0 
which both С 180 editing pulses are effectively omitted Addition of the two recordings 
ι ч 
results in a spectrum in which NOE cross-peaks are observed among C-bound protons 
1 л 
as well as among C-bound protons Subtraction of these recordings yields a spectrum in 
which only NOF cross peaks are observed between C-bound protons and C-bound 
protons, thus yielding a subspectrum containing only the desired inter-subunit NOEs 
3D ^ - Ή NOESY ' V H HMQC (3D NOESY-HMQC) and 3D Ή - Ή TOCSY-15N-
*H HMQC (3D TOCSY-HMQC) experiments were performed at 600 MHz in H 2 0 at a 
temperature of 298K on a 2 7 and 2 mM sample of uniformly 1 5N labeled GVP Y41H, 
respectively The pulse schemes used are in spirit similar to the one described by Messerle 





















The delay τ was set to 2 3 ms The phase cycle used is given by φ = χ,-χ,χ,-χ, ψ = x,x,-x,-
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χ, χ = x,-x,-x,x, which was repeated twice to obtain a good signal to noise ratio 
Quadrature detection in ωΐ was achieved by subjecting φ to TPPI, and in u>2 by making 
use of the method of States et al (1982) in which the pulse sequence is repeated with the 
phases of the first three N pulses incremented by 90 Water suppression was achieved 
through use of a 2 ms spin-lock pulse (SLX) in the pulse scheme in combination with low 
power continuous irradiation of the b^O resonance during the relaxation delay (1 s) In the 
3D TOCSY-HMQC experiment, the mixing was carried out with the clean-MLEV17 
sequence (Bax & Davis, 1985, Gnesinger et al, 1988) preceded by a spinlock pulse ot 2 
ms The mixing times were 25 ms tor the 3D TOCSY-HMQC experiment and 100 ms tor 
the 3D NOESY-HMQC experiment For both experiments, the F1 and F3 sweepwidths 
were 8 3 kHz and the F2 sweepwidth was 2 1 kHz In each experiment, 256 real tj, 32 
complex t2, and 1К real t 3 data points were recorded, thereby making the duration of both 
experiments approximately 2 days 
Data processing 
All 2D experiments were processed with standard Bruker software on either a Bruker 
Aspect 3000 or X32 workstation 
3D NMR data were processed on a SUN Sparc workstation using the NMRi 2D 
software package NMR2 (New Methods Research Ine, Syracuse, NY) in combination with 
some additional routines The 3D data sets were zerofilled once in each dimension, 
multiplied with π/2 (especially in the F2 dimension) or π/З shifted square sine bell 
apodization functions, Fourier transformed, interactively phase corrected, and baseline 
corrected, resulting in spectra with a digital resolution of 8 1 Hz/Pt in the F3, 32 3 Hz/Pt 
in the Fl and 32 5 Hz/Pt in the F2 dimension The NOESY-HMQC data were reprocessed 
to obtain spectra with a higher digital resolution in Fl (8 1 Hz/Pt) which was achieved 
either by additional zero-filling in the Fl dimension or by use of Linear Prediction 
(Schussheim & Lowburn, 1987) 
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Experimental NMR restraints 
The cross-peak volumes were determined using the Bruker "uxnrnr" program 
Bookkeeping of the assigned NOEs was performed with aid of the computer program 
ASSIGNOE (van de Ven, unpublished results) The NOESY cross-peak volumes were 
converted into approximate distances with the program N02DI (van de Ven et al, 1991) 
by assuming a linear dependence of the volumes vs 1/r , with r being the distance 
between protons ι and j The NOE intensities were calibrated with reference to known 




Calculation of upper and lower bounds was performed with empirical functions which 
caused a strong NOE (2 4 A), to correspond to interproton distance restraints of 2 0-2 7 A, 
a medium strong NOE (3 0 A), to correspond to interproton restraints of 2 5-3 9 A, and a 
о о 
weak NOE (4 0 A) to correspond to interproton distance restraints of 2 9-6 0 A Standard 
pseudo-atom corrections were made for distances involving methyl protons or 
nonstereospecifically assigned methylene protons (Wuthnch et al, 1983) 
Structure calculations 
The programs HABAS (Guntert et al, 1989) and DIANA (Guntert et al, 1991a,b), 
were used for the structure calculations of GVP monomers trom the NMR data The 
program HABAS establishes stereo-specific assignments tor the ß-methylene groups and 
defines constraints for the dihedral angles on the basis ot the available intra-residual and 
sequential distance contraints and experimental measured coupling constants, Jj_[Na and 
J a ß (Guntert et al, 1989) The program DIANA (version 1 14) was used tor the actual 
structure calculations from the NMR data (Guntert et al, 1991 a,b) In the successive 
rounds of the structure calculations, information on the locally acceptable segments in the 
form of constraints on dihedral angles were used (REDAC) to improve the yield of 
convergence In particular, in proteins which contain many ß-strands such as GVP Y41H, 
the local conformation of the protein is not only determined by short-range NOE restraints 
but also by long-range NOE restraints, thus necessitating the use of REDAC for efficient 
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computing of the structures (Guntert et al, 1991b) The calculations were performed on a 
Convex CI 20 computer 
The structure of GVP dimers was calculated using simulated annealing employing 
molecular dynamics Newton's equations of motion are solved in real Cartesian space with 
the target function as potential energy The target function comprises terms describing the 
covalent structure of the molecule, excluded volume, and the experimental data, such as 
the NOE distance restraints, essentially as published (Nilges et al, 1988a) The weights on 
the individual terms are given in Table 1 
In the simulated annealing strategy for calculation of dimer structures, an appropriate 
expression for the NOE part of the target function is used (Nilges, 1993) Usage of this 
expression circumvents the problem of assignment of intra- and inter-subunit NOEs 
Furthermore, an additional symmetry potential is introduced to ensure that symmetric 
molecules are obtained (Nilges, 1993) This novel structure determination strategy is 
briefly outlined below 
The structure determination strategy used relies on the fact that every NOE cross-peak 
measured for a symmetric dimer is the sum of intra- and inter-subunit contributions Both 
these contributions obviously depend on their corresponding distances Assuming that the 
order parameters and internal correlation times tor the inter-subunit and intra subunit 
vector are identical and neglecting spin diffusion, the following expression can be derived 
for the symmetric dimer 
NOE„ - (2RÌT" s + 2 Л # М г - * ) т . ( ! ) 
The total NOE in the dimer, the sum of the individual intra- and inter-subunit NOE 
contributions corresponds to an "averaged sum" of intra- and inter-subunit distances earlier 
designated the "effective distance", R 
НОЕ„~ R¿Ta (2) 
with 
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Rir[2R^trat + 2R%c"-f) 1 / 6 ( 3 ) 
Consequently, the effective distance is always smaller than the smallest of the 
contributing distances The expressions derived above provide the necessary means for 
incorporating the NOE-denved distance restraints in a target function Calculations were 
carried out using the harmonic "flat-bottom" potential with linear behaviour for large 
deviations for E N O E (Nilges et a l , 1988b) 
Ецов *HOK¿_. 
Uk-Rk)* ifRk<Lk 
0 if LkíR-kíUk 
(R~k-Uk) 2 lf Uk < R~k < S 
AiR^-S) 1+BlR~k)+C l£R~k> S 
(4 ) 
where Uk and Lv are the upper and lower bounds derived from the NOE cross-peak 
volumes, R^ is the effective distance measured in the current model for a particular 
restraint and KNQg is the energy constant and к runs over all the distance restraints The 
NOE pseudo potential changes from harmonic to the asymptotic form for deviations larger 
than 1 0 Â, with the slope of the asymptote (B) set to 2 0 The coefficients A and С are 
determined such that the potential is continuous and differentiable at S 
By taking the effective distances from the model which are to be compared with lower 
and upper bounds derived from the NOE volumes, the assignment of the NOEs as either 
intra or inter-subunit is not required It is noted that the distance calibration of the NOEs 
corresponds to a monomer situation The effective distances calculated from the model 
which is dimeric must therefore be scaled by a tactor of 2 ' The ultimate selection 
between intra- and inter-subunit contributions to a NOESY intensity will eventually be 
determined by the total set of input restraints 
The symmetry properties of the molecule are also important experimental data used in 
the calculation protocol A prion, no knowledge is available of the structure and therefore 
the position of the symmetry axis is not known The approach used to ensure that a 
symmetric molecule is obtained is, in fact, a combination of the "NCS restraints" pseudo 
по 
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energy term of X-PLOR (Brunger, 1992) and a newly devised symmetry term (Nilges, 
1993) The former serves to minimize the atomic r m s diHerence between the two 
monomers, thus making the monomers identical However, this term does not restrain the 
monomers to be in a symmetrical arrangement The new symmetry term uses symmetry 







(N-l)B, (N is the number of C
a
 atoms in a monomer, A and В are the 
symmetry-related monomers) Hereby, the difference between a particular distance and the 
symmetry-related distance is simply restrained to zero 
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The simulated annealing calculations were carried out with nearly the same protocol as 
described (Nilges, 1993) Starting structures were composed of the set of converged 
distance geometry (DIANA) structures It is noted that the form of the NOE potential with 
the linear asymptotic slope is chosen such that deep local minima as a consequence of 
"wrong" assignments of the intra- and inter-subunit contributions to a NOE can be 
overcome The actual protocol is summarized in Table 1 In the first phase, the 
conformational search phase, the temperature (2000 K) and the force constants for the 
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various terms ot the total target function are kept constant The van der Waals energy 
constant is low during this phase allowing atoms to pass through each other The constant 
for the NCS restraints is also kept low at this stage which facilítales convergence During 
the second phase the system is cooled to 100K, and all energy constants are brought to 
their final values This phase is followed by a short conjugate gradient minimization 
To achieve complete convergence, all low energy structures were further subjected to a 
short refinement protocol which proceeded in a similar manner as the long protocol It 
consisted of a 5 ps conformational search phase at 1000K, a cooling phase in which the 
system is cooled to 100K in 15 ps, and was finalized by 250 steps of conjugate gradient 
minimization During the first phase, the weight on the van der Waals interaction was 
reduced to 0 5 and during the second phase was brought to 4 0 All other energy 
constants remained constant throughout the entire refinement protocol (see final values 
listed in Table 1) 
The calculations were performed with the program X-PLOR version 3 0 (Brunger 
1992), which was slightly modified (Nilges, 1993) to incorporate the new symmetry term, 
the calculation of the effective distances, and the automatic scaling of experimental data 
for ambiguous NOEs All modifications are part of X-PLOR version 3 1 The 
computations were carried out on a Silicon Graphics 4D-480 computer at EMBL 
RESULTS 
NMR spectroscopy 
Although virtually complete backbone assignments and a large number of side-chain 
assignments of the H-NMR spectrum of M13 GVP Y41H could be obtained by using 
purely homonuclear methods (Folkers et al, 1991b, Chapter 3), we recorded a variety of 
heteronuclear experiments, to confirm and add structurally relevant data about the protein 
We have particularly recorded heteronuclear NMR spectra involving uniformly N 
labeled protein Apart from the regular 2D Ν- H correlation experiments, the relayed 
two-dimensional hateronuclear HMQC NOESY was of limited use, due to overlap of 
cross-peaks and interference of the strong water resonance in the spectrum The three-
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dimensional NOESY-HMQC and TOCSY HMQC spectra, however, yielded important 
additional structural restraints Figure 1 shows an HSQC spectrum of N labeled GVP 
Y41H, together with the assignments that were obtained as a result ot the investigations 
reported in this chapter The cross-peaks in this spectrum are well resolved Analysis of 
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Figure 1. ' W - Ή HSQC spectrum of "Ν labeled M13 CVP Y4ÌH recorded at 600 MHz The 
assignments obtained as described in this paper are indicated 
this spectrum revealed 79 individual amide NH peaks, while 80 amide NH peaks were 
expected The N-terminal amino group is generally not observed in protein spectra The 
spectrum does not display the amide cross-peaks for residues Metí and Ile2 which 
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suggests thai at least a major part of this batch ol 15N-labeled protein does not contain the 
Methionine at the N-lerminus but starts with the amino group ot Ile2 NMR spectra taken 
from other protein preparations, however, do display the N-lerminal methionine 
The analysis of the 3D heteronuclear NMR experiments was rather straightforward 
Sequential assignment of the spectrum proceeded by using the traditional two-stage 
procedure involving the identification ol through-bond connected spin systems which are 
then joined by through-space NOE connections (Wuthnch, 1986) The 3D spectra were 
displayed as H- H F1-F3 slices, each representing a part of a conventional NOESY 
spectrum After completion of the sequential assignment, strips containing H- H cross-
peaks arising from each individual amide group were ordered according to the protein 
sequence (Dnscoll et al, 1990) This is illustrated in Figure 2 for a stretch of the GVP 
Y41H sequence from Lys69 to Asp79 The results obtained are in accordance with the 
analysis of homonuclear Η spectra described in Chapter 3 (see also Folkers et al, 1991b) 
In conjunction with the assignment of the N spectrum of GVP Y41H, we have also 
obtained additional H-NMR assignments Table 2 lists the N chemical shifts for GVP 
Y41H Amide protons that have a slow rate of exchange with the solvent are also included 
in that table These were identified from HSQC spectra recorded quickly after dissolving 
freeze-dned protein in D 2 0 solution (see Methods) Η NMR assignments of GVP Y41H 
which were obtained additional to the ones obtained by using purely 2D homonuclear 
methods are listed in Table 3 
The usefulness of the 3D heteronuclear NMR methods for spectral assignment can be 
illustrated for residue Gly71 Previously, we had assigned only one α-resonance of this 
residue, suggesting a degeneracy in chemical shifts of its α-resonances The TOCSY-
HMQC spectrum, however, reveals two non-overlapping α-resonances at 4 40 ppm and 
4 04 ppm, respectively In the regular 2D TOCSY(H20), the NH-CaH connectivity at 
position (9 10 ppm, 4 40 ppm) overlaps with the NH-CaH connectivity belonging to 
residue Gly59 Similarly, in the regular 2D NOESY(H20) spectrum, the daN(i,i+1) NOE 
cross-peak connecting the α resonance of residue Gly71 at 4 40 ppm and the amide of 
Gln72 overlaps with the intra-residual NH-CaH NOE connectivity belonging to аІ70 In 
the 3D NOESY-HMQC, this overlap problem was overcome because residues Val70 and 
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Gln72 exhibit ditterent N chemical shift positions (see Figures 1 & 2). The recorded 
heteronuclear corrélation spectra also indicated that the proton which appears at 10 61 ppm 
in ΝΟΕ5Υ(Η 20) spectra cannot be an amide proton because of the absence of an Fl- N 
cross-peak at this proton's chemical shift position. The NOESY(H20) spectra reveal that 
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Figure 2. F1F3 'HI'H slices containing NOESY lina belonging to individual umidei laken 
from the 3D NOESY-HMQC spectrum of GVP Y41H are shown for the sequence of residues 
Lys69 - Asp79 Sequential NOEs corresponding to d(l/i/(i,i + l), dn^i,i+l) and dNN(i,i + l) 
connectivities are indicated with arrows Intra-residuul NH-C"H(i,t) and C,l¡H-NH(i,i + l) 
connectivities are indicated with alpha's and beta's, respectively The corresponding "/V 
chemical shifts can be laken from ¡able 2 
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Ala^7, as well as to the s protons of Тугбі This has led to the conclusion that the proton 
of interest is the hydroxy proton of Tyrol which apparently has a slow rate ot exchange 
with the solvent 
The 3D spectra also aided in unambiguously identifying long-range NOEs necessary for 
a complete tertiary structure determination It is noted that overlap of aliphatic resonances 
occurs in the 3D NOESY-HMQC spectra, thereby obstructing the unambiguous assignment 
of potentially important long-range NOEs Increasing the resolution in the Fl dimension of 
the 3D NOESY-HMQC spectrum alleviated this problem to some extent, permitting the 
assignment of a number of long-range NOEs Important NOEs for the structure 
determination are those connecting the side-chain protons ot Leu49 with the amide of 
Phel3, the NOF connectivities between the amino group of Gln31 and the amide of Tyr56 
as well as the connectivities between the amide ol Gln31 and the methyl resonances of 
Ala57 
Probable inter-subunit long-range NOEs are those connecting the methyl resonances of 
Val70 with the amine side chain protons ot Asn39, as well as the previously identified 
NOE connectivity between the α-resonance of Ser75, and the amide of Lys46 (Folkers et 
a l , 1993b) 
Some inter-subunit NOEs solely involving aliphatic protons were unambiguously 
identified using GVP helerodimers between C-labeled and unlabeled monomers (see 
Chapter 5) In this way, we have established that Phe68 is in close proximity to Ile78 of 
the symmetry-related monomer Interestingly, also intra-subunit NOE connectivities exist 
between residues Phe68 and Ile78, indicating that those residues are positioned close to the 
dyad axis of the molecule Other inter-subunit NOE connectivities which could be 
identified unambiguously involve the δ methyl protons of Ile2 and the aromatic protons of 
the symmetry-related Phe68, as well as the α-resonance of Leu37 and the δ methyl 
protons of Leu65 
Structure Determination 
The calculation of the solution structure of the M13 GVP Y41H dimer proceeded in the 
following manner First, a set of monomer structures was calculated based on 937 useful 
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Table 2. I5N assignments of GVP Y41H". 
residue NH/D 2O
b , 5 N C 
Met 1 
He 2 I 
Lys 3 i 
Val 4 « 
Glu 5 I 
Ile 6 « 














































































































































































































 N chemical shifts (in ppm) were calculated relative to H 0 ppm with the formula 
15N(0 ppm) = 0 10132914 * Ή (Oppm) (Ikura et al, 1991) The *5N chemical shifts 
were not measured for the proline residues NH protons which are detectable at least 
05 h after the protein being dissolved in D 2 0 are indicated by closed circles
 c
 N 
assignments of backbone amides N assignments of amino acid side-chain nitrogens 
distance restraints with the distance geometry program DIANA (Guntert et al, 1991a,b) 
The monomers are not strongly intertwined and their structures can therefore be calculated 
individually The fact that the majority of NOEs are intra-subunit could be determined 
experimentally by performing the NMR experiment with asymmetrically labeled M13 
GVP Y41H Previously, we have shown that the global folding of G VP in solution is 
comparable to that of the crystal structure (Brayer & McPherson, 1983, Folkers et al, 
1991b) Therefore, the selection of solely intra-subunit NOEs for monomer structure 
calculation could also be based on the knowledge of the crystal structure 
Roughly three domains of the protein are involved in monomer-monomer interactions 
These include the so-called dyad domain (residues 64-82), the complex domain (residues 
35-47) and the N-terminal part of the protein Potential inter-subunit long-range NOEs 
involving the domains mentioned above were therefore not included at this stage 
Analysis of the ìntra-residual and sequential NMR constraints with the program 
HABAS resulted in the stereo-specific assignment of the ß methylene protons of only two 
residues, Cys33 and Tyrol The homonuclear J couplings, J^Na 3 η ^ ·Όβ> c o u ' d n o t be 
determined accurately because the resonance line widths in GVP Y41H greatly exceed the 
couplings, the reason for the limited success during this first analysis In some cases, 
however, the intensities of cross-peaks in short mixing time TOCSY spectra uncovered 
relevant χ-angle information (Clore et al, 1991a) 
The final data set used to calculate the monomer structures resulted from several 
repeated cycles of spectral assignment and structure calculations It is noted that the input 
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data set did not include restraints for hydrogen bonds at this stage Structures were 
calculated starting with randomly selected conformations which were subjected to DIANA 
Table 3. Proton resonance assignments of G VP Y41H (at pH 5 2 and 298 К) obtained a a 
results of the NMR investigations reported in this chapter Only the proton chemical shifts 
are listed for protons which were not assigned before (see Chapter ?) 
Chemical shifts are expressed relative to 4,4 dimethyl-4-silapentane I sulfonate (DSS) 
Residue Chemical shift (ppm) 
C a H CßH others 
ppm 
Q10 CyU 219, 2 91, ΝγΗ 6 35 
Q12 C^H 190, 2 24, N^H 6 80,7 45 
R16 N f H 7 74 
R21 Ν ε Η 7 36 
Q22 ΝΡΉ 6 92, 7 63 
N29 NÜH 6 50, 7 53 
Q31 N?H 7 58, 7 96 
L32 C^H 1 43, CÔH 0 97, 0 83 
L37 1 68, 1 97 C^H 1 61, CÔH 0 92, 0 80 
L49 1 52 С 6Н 0 80, 0 66 
Q53 CYH 2 37, 2 47, N^H 6 35, 7 26 
Р58 4 40 CYH 1 52, 2 33 
Y61 с £ н 10 61 
L65 4 36 C^H 1 76, CÔH 0 93 
К69 С^Н 1 67, 1 29, CÒH 1 31, 1 23, C r H 3 07, 2 97 
G71 4 09, 4 40 
Q72 ΝγΗ 6 86, 7 34 
L76 СН 0 94, CÔH 0 83, 0 68 
R80 N fH 7 28 
R82 N f H 7 68 
Р85 CVH 1 88, 2 35, CÒH 4 18, 3 86 
minimization against the NMR input data (Guntert et al , 1991a) Finally, we calculated up 
to 50 acceptable monomer structures which did not exhibit NOE-denved distance 
violations larger than 0 7 A, van der Waals violations greater than 0 5 A, and dihedral 
angle constraints violations larger than 10 degrees 
With this set of converging monomer structures, a family of structures representing the 
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complete GVP Y41H dimer was calculated using an appropriate simulated annealing 
protocol with the program X-PLOR (see methods). The starting structures for the 
simulated annealing were composed of the monomer structures calculated with DIANA. 
The monomer structures were dimerized by applying the available crystal symmetry 
parameters (Brayer & McPherson, 1983) and then subjected to several cycles of energy 
minimization in X-PLOR. In some cases, the crystal structure served as the starting model 
for calculation of the solution structure of M13 GVP Y41H. Therefore, it had to be 
mutated at position 41 (Tyr^His), protonated and energy minimized using X-PLOR. In 
order to facilitate the transition between DIANA structures and X-PLOR, explicit 
pseudoatoms were added to the residue library of X-PLOR. 
The calculations were carried out with a set of 933 NOEs for the dimer. These 
consisted of 379 intra-residual NOEs, 218 sequential NOEs, 56 medium range NOEs (2 < 
|i-j| < 5, where i and j are residue numbers) and 254 long-range NOEs (|i-j| > 5). The 
10 20 30 40 50 60 
Residue 
Figure 3. Plot of the number of NOE distance restraints per residue (n), versus the amino 
acid sequence of GVP Y41H. The bars represent intra-residual (filled), sequential (hatched) 
and medium and long-range NOE restraints (cross-hatched), respectively. 
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distribution of the NOE restraints along the amino acid sequence of GVP Y41H is shown 
in Figure 3 It is noted that the number of NOEs is not doubled in comparison with the 
monomer structure calculations This is due to the particular averaging used to calculate 
dimer structures (see Methods) The input distance restraints list included a set of 26 
unambiguously identified inter-subunit NOE derived distance restraints with relaxed 
distance upper bounds (5 0-7 0 A) which were merely used to increase convergence of the 
dimer structure calculations 
In addition to the NOE derived distance restraints, 80 distance restraints for 40 
backbone NH CO hydrogen bonds were included in the input distance restraints list The 
hydrogen bonds were identified from the pattern of NOEs between residues on opposite 
strands of the anti-parallel ß-sheets in conjunction with the existence of slowly exchanging 
backbone NH protons (see Table 2) Potential hydrogen bonds, however, were only 
restrained in cases where the ensemble of DIANA monomer structures indeed 
substantiated the presence of the hydrogen bond (Guntert et al , 1991a) The intra 
monomer NH(i)-CO(j) backbone hydrogen bonds identified in such a manner were as 
follows (i,j) = (4,61), (5,34), (30,14), (31,47), (33,45), (34,5), (35,43), (43,35), (45,33), 
(47,31), (49,29), (61,4), (62,84), (69,77), (77,69), (82,64), (84,62) and (86,60) where ι and 
j represent the residue numbers ol the two amino acids involved These hydrogen bonds 
occur throughout both monomers in regions of regular secondary structure identified 
previously, each consisting of anti parallel ß-sheet structure (Folkers et al 1991b, Folkers 
et al , 1993b, Chapters 3 & 4) One inter-monomer hydrogen bond which was previously 
identified as such connecting the amide of Lys46 and the carbonyl of Gly74 was also 
represented by appropriate distance restraints (Folkers et al , 1993b, Chapter 4) 
A total of 20 structures representing the solution structure of GVP Y41H was 
computed The structural statistics for these structures are given in Table 4 The statistics 
show that each of the 20 structures represents a good fit to the experimental data The 
quality of the structure determination is afforded by Figure 4 which displays best fit 
superpositions of the backbone atoms (N, Ca, С) of all structures Some atomic rms 
differences which are also a measure of the quality of the structure are given in Table 4 
Within each subunit, the main secondary structure elements comprise a large five 
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Figure 4. Views showing best-fit superpositions of the backbone (N,CA,C) atoms of the final 
20 simulated annealing structures. The structures were best fitted to residues 1-15 and 29-87. 
a) The two-fold axis of the molecule is perpendicular to the plane of the paper, b) view with 
the two-fold axis parallel to the plane of the paper. 
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stranded antiparallel ß-sheet and two annparallel ß-loops Most of these antiparallel ß 
sheets are well-defined by the NMR data Residues 16-28, on the contrary, form an 
exposed ß-loop as judged from its increased conformational disorder Its orientation with 
respect to the core of the protein could not be determined on the basis of the present data 
(see Table 4) Other regions of increased conformational disorder are the long loop 
connecting the ß-strands at position 35 and 43 in the protein sequence, and the tip of the 
dyad loop (residues 71-74) of the protein The local variations in the precision of the 
structure determination are substantiated by the backbone and side chain deviations around 
the mean coordinates as shown in Figure 5 Most of the dihedral angles of all structures 
fall within the allowed regions of the Ramachandran plot, primarily in its ß-sheet region 
(Ramachandran et al , 1963, Morris et a l , 1992) Typically, the residues constituting the 
disordered regions of the protein sometimes adopt less favourable backbone torsion angles 
(Hyberts et a l , 1992) 
Table 4. Structural Statistics and Atomic rms differences 
Structural Statistics3 
rms deviations from distance restraints (Â) 0 079 ± 0 003 
deviations from idealized geometry 
bonds (λ) 0 003 ± 0 
angles (deg) 0 674 ± 0 005 
impropere (deg) 0 504 ± 0 021 
E N O E (kcal mol"1)1- 159 ± 1 1 
E N C S (kcal m o l ' ) c 0 18 ± 0 10 
E
r e p e l (kcal mol" ') c 63 ± 7 3 
residues 1-15 and 29-87 
backbone(N,CA,C) 
0 90 ± 0 22 
Atomic rms 
all atoms 




1 69 ± 0 40 
all atoms 
213 ± 0 42 
a
 The 20 final simulated annealing structures are considered None of the structures 
exhibited distance violations greater than 0 6 A c The energies were calculated with the 
final force constants of simulated annealing protocol (see methods) The atomic rms 
differences are calculated for the 20 simulated annealing structures with respect to the 
mean structure 
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The side-chains which make up the interior of the protein are relatively well-defined, 
having an atomic rms distribution about the mean coordinate position of «- 1 A (see Figure 
5 ) In this respect, it is for example interesting to see that the side chains of the even-













Figure 5. Atomic rms distribution about the mean structure of the 20 individual structures 
obtained by simulated annealing, best fitted to residue 1-15 and 29-87, are displayed for the 
backbone atoms and all atoms 
Figure 6 plots the solvent accessible surface per residue, separately for complete dimer 
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structures, as well for its monomers alone Subtraction ot these two data sets yields the 
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Figure 6. Plots of the solvent accessible surface (excluding hydrogens) of the 20 individual 
structures obtained by simulated annealing The values were calculated for a) complete dimer 
structures, b) individual monomer units, c) difference between b) and a) 
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buried surface in the dimer, which is also included in Figure 6 The figure clearly reveals 
the involvement ol specific regions of the protein in dimenzation 
Detailed description of the structure 
Figure 7 depicts a schematic representation of the dimer structure which is generated 
with the program Molscript (Kraulis, 1991) The drawing shows the presence of eight ß-
strands within each subunit The ß-strands are formed by residues 3 6, 13-20, 24-35, 43 
48, 59-63, 68 71, 75-78 and 83-85 Of those, residues 3-6, residues 30 35, residues 43-48, 
residues 59-63 and residues 83-85 form a hve-stranded ß-sheet A more detailed view of 
the five stranded ß-sheet showing best-fit superpositions of the backbone (N,CA,C,0) 
atoms of the 20 final simulated annealing structures is shown in Figure 8 The strands 
constituting residues 68-71 and 75-78 form an antiparallel ß-loop Another large 
antiparallel ß-loop is formed by residues 13-20 and residues 24-31 which at its base 
connects to the end of the ß-strand formed by residues 43-48 These findings correspond 
to predictions made previously on the basis of a qualitative interpretation of the NOE data 
(Folkers et a l , 1991b, Folkers et al , 1993b, Chapters 3 & 4) 
The N-terminus of the molecule is somewhat disordered and is followed by the first ß-
strand (residues 3-6) The direction of the main-chain is completely altered by the 
following 3 ]Q helical turn (residue 7-10) I he φ and ψ angles of residues Pro8 and Ser9, 
are around -84 ± 12 and -9 ± 10, respectively, consistent with values given by Richardson 
(1981) for such a helical turn This turn leads into a long antiparallel ß-loop (residues 13 
31), referred to as the DNA binding loop Its strands are connected by a ß-turn which is 
not well determined and therefore could not be further classified such as described 
(Sibanda & Thornton, 1985) As mentioned earlier, the position of residues 16-28 of the ß-
loop could not be determined with respect to the core of the protein due to the absence of 
long range NObs connecting the two The exposed nature of this segment is further 
supported by the absence of any slowly exchanging backbone amide protons within its 
region, despite the fact that the NOE data are clearly indicative of a ß-sheet and turn 
Superposition of residues 16-28 of the 20 structures shows that locally, the approximate 
polypeptide fold is reasonably well determined (data not shown) The ß-loop is clearly 
126 Chapter 6 
twisted which is driven in part by the presence of NOEs between the resonances of Tyr26 
and those of residues Glyl8, Vail9 and Ser20 (see Figures 4 & 7). The return strand of 
Figure 7. Schematic representation of the structure ofGVP Y41H made with Molscript viewed 
with the symmetry axis perpendicular to the plane of the paper (Krauiis, 1991). 
the DNA binding loop continues up to residue Val35. The last five residues of this strand 
are part of the above mentioned five-stranded ß-sheet and are hydrogen bonded to the N-
terminal ß-strand (residues 3-6) and the ß-strand made up of residues 43-48. The third 
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Figure 8. Stereoviews showing best-fit superpositions of the backbone (N,CA,C,0) atoms of 
the final 20 structures obtained by simulated annealing for the five-stranded ß-sheet The 
protein segments shown comprise residues 3-6, 30-35, 43-48, 59-64 and 82-86 
(residues 25 3*5) and fourth ß-strand (residues 43-48) counted from the N-terminus are 
connected via a long loop The following ß-turn leads into an irregular bend (53-59) which 
is positioned at the back of the molecule (see Figures 4a & 7) This part of the protein 
leads into the next ß-strand (residues 59-63) which again is part of the large five-stranded 
ß-sheet The second 3 ¡ 0 helical turn (with φ and ψ angles around -63 ± 7 and -8 ± 10, 
respectively ot residues Ser66 and Ser67) leads into the antiparallel ß-loop often referred 
to as dyad loop which is composed of residues 68-78 The exposed nature of the ß-turn 
connecting the strands of this loop (residues 72-74) impeded its further characterization 
The last C-terminal ß-strand (residues 83-85) connects to the dyad loop via an irregular 
connecting bend (residues 79-81) The C-terminus is approximately 12 A away from the 
N-terminus towards the back of the molecule in the orientation of Figure 7 The monomer 
unit encloses a core consisting of hydrophobic residues This interior of the protein is 
particularly made of residues Val4, Ile6, Cys33, Ile47, Leu49, Tyr56, Tyrol, and Leu83 A 
detailed view of a part of the hydrophobic core is shown in Figure 9 
The dimer structure is primarily stabilized by interactions between hydrophobic side 
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Figure 9. Stereoviews showing best-fit superpositions of all atoms (excluding hydrogens) of 
the final 20 simulated annealing structures for two selected segments of the protein a) part of 
the core of each monomer involving residues 3-7, 33 34, 61-62 and H3-84 b) part of the dyad 
domain of the protein showing residues 67-70 and residues 76-79 of both symmetry-related 
monomers The prime notation refers to the second monomer The symmetry axis is 
perpendicular to the plane of the paper 
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chain residues The backbone atoms of the monomer units are in general too far apart to 
form as many hydrogen bonds as in dimeric proteins stabilized by an anti-parallel ß-sheet 
(Clore et al , 1990, Breg et al , 1990) However, two intermuscular hydrogen bonds exist 
between the monomers involving the amide of Lys46 of one monomer and the carbonyl 
oxygen of Gly74 of the symmetry-related monomer Hydrophobic contacts between the 
subunits mainly involve the dyad domain (residues 64-82) of the protein which is close to 
its symmetry-related counterpart, to residues constituting the complex domain of the 
protein (residues 31-49) as well as to the N-terminal part of the protein (see Figure 6c) In 
anti-parallel ß-strands, the residue side-chains alternatingly point up and down The 
hydrophobic residues of the dyad loop (Phe68, Val70, Leu76, and Ile78) are directed to 
the inside of the protein Of those, Phe68 and Ile78 lie very near to the intermolecular 
dyad axis As a result, these two residues are in close proximity to their symmetry-related 
counterparts (see Figure 9) Apart from these 4 residues, other hydrophobic residues are 
involved in stabilizing the dimer structure I hese include the N-terminal strand residue 
lle2, the complex loop residues, Val35, Leu37, Val43 and Val45, and dyad domain 
residues, Leu65 and Leu81 
DISCUSSION 
The availability of "solubility" mutants of M13 GVP in particular mutant Tyr41 —> His 
has made it possible to undertake detailed structural studies of the protein in solution by 
means of NMR (Folkers et al , 1991a,b, 1993b) Previously, it has been shown that the 
exact positioning of the residues in the various ß-sheets oí GVP Y41H in solution was 
shifted by several residues with respect to the crystal structure of wild-type GVP solved in 
1983 (Brayer & McPherson, 1983, Folkers et al , 1991b, 1993b) Furthermore, it has also 
been demonstrated that wild-type GVP and mutant GVP Y41H in solution adopt a 
virtually identical conformation Understanding of the GVP function very much relies on 
knowledge of the correct three-dimensional fold of the protein (Kneale, 1992) This has 
prompted us to resolve the three-dimensional solution structure of GVP Y41H In 
principle, the structure analysis would involve the collection of as many NOEs of the 
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protein as possible, and the computation of the three-dimensional structure ol the protein 
based on the NOE-denved distance restraints with distance geometry and molecular 
dynamics based algorithms However, the dimenc nature of the gene V protein impedes an 
unambiguous interpretation ot long range NOEs In the case of M13 GVP Y41H, the 
following factors contributed to the success of resolving this ambiguity problem These 
were as follows 
(1) Both subunits of the GVP dimer form independently "folded" domains which are 
connected at distinct sites of each of the symmetry related monomers The majority of the 
NOEs collected could therefore be assigned as intra subunit NOEs allowing the calculation 
of a set ot monomer structures with DIANA These monomer structures were converted 
into dimers which served as excellent starting structures for the simulated annealing 
refinements 
(2) The simulated annealing protocol employed was especially designed to calculate dimer 
protein structures (Nilges, 1993) Its target function contains distance restraints that 
correctly deal with the intra- and inter-subunit contributions to the NOE peaks as well as a 
pseudo energy term that restrains the symmetry of the dimer without requiring the 
knowledge of the symmetry axis In principle, this strategy allows the calculation of dimer 
structures without resolving the ambiguity of intra- and inter-monomer NOE cross-peaks 
(3) In addition to this calculation strategy, we have incorporated information from a novel 
asymmetric labeling experiment which was based on formation of heterodimers between 
ι "λ 
C-labeled and unlabeled components (Folkers et al, 1993a, Chapter 5) In this way, 26 
inter-subunit NOEs could be unambiguously identified However, identification of ìnter-
subunit NOEs does not exclude the presence of a significant intra-subunit contribution to 
the NOE cross-peak Furthermore, quantification of these NOEs is difficult as a result of 
the relative low signal to noise ratio of such difference spectra Therefore, we have just 
used relaxed upper bounds (5-7 A) for these inter-subunit contacts to increase convergence 
of the structure calculations Quantitative distance information for these NOEs was taken 
from regular NOES Y experiments and treated in the same way as all other NOEs (see 
Methods) This led to the computation of a family of 20 structures representing the 
solution structure of M13 GVP Y41H The structure of the core of the protein (all residues 
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except the ß-loop residues 16-28) is reasonably well determined with an average atomic 
rms difference between the individual structures and the respective mean structure of ·» 0.9 
A for the backbone atoms and » 1.4 A for all atoms. 
The fact that the amide region of the NMR spectra of GVP Y41H could be resolved to 
a great extent and as a result many distance restraints involving amide protons could be 
extracted, contributed to the definition of the structure We have, however, encountered 
difficulties in the assignment of NOE connectivities in the aliphatic region of the spectrum 
due to spectral overlap The extraction ot relevant J couplings was also severely hampered 
owing to the large line widths of the proton resonances of the 19.4 kDa GVP protein 
dimer N.m.r strategies based on С labeling of the protein will therefore be attempted in 
order to further increase the definition of the solution structure ot GVP Y41H (eg. see 
Clore et al., 1991b). 
The global folding of the solution structure of GVP Y41H is comparable with that of 
the wild-type X-ray structure but has a different register of the amino acids throughout the 
protein This is reflected in the rms difference of the average NMR structure ot GVP 
Y41H and the wild-type X-ray structure which is 4 4 A for the core of the protein 
(excluding residues 16-28 and residue 41). These results have also prompted a 
reinvestigation of the crystal structure of GVP. Very recently, a new crystal model of 
wild-type GVP has been obtained at 1 8 A by A. Wang, Τ Terwilliger and coworkers, 
(Skinner el al , 1994) A first comparison of the solution data with the "new" crystal 
structure reveals that the location of the amino acids in the ß-sheets of the proteins is now 
identical. The rms dilference between the average NMR structure of GVP Y41H and this 
wild-type X-ray structure is reduced to 1.8 A 
It is of interest to discuss the solution structure of GVP Y41H in the light of the 
function of the protein, its capacity tor binding single-stranded DNA molecules. A 
substantial amount of data has been gathered with regard to several aspects of binding of 
ssDNA to GVP. Several residues have been implicated in ssDNA binding (Alma et al., 
1981, King & Coleman, 1987, 1988, Folkers et al., 1991a, 1993b), the kinetics of binding 
has been studied (Porschke & Rauh, 1983, Shimamoto & Utiyama, 1983; Bulsink et al., 
1985, 1988a,b; Stassen el al., 1992) and the gross parameters characterizing the 
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superhelical complex between polynucleotides and GVP has been derived from neutron 
scattering and electron microscopy studies (Gray et al , 1982, Gray, 1989) Here, we will 
particularly focus on the location of the DNA binding domain In the near future, a new 
model for the superhelical GVP-ssDNA complex will be presented on the basis of the 
solution structure of GVP Y41H (Folmer el al, unpublished results) Previous proposals 
describing the location of the DNA binding domain which had been based on the "old" 
crystal structure are incorrect (Brayer & McPherson, 1984, Hutchinson et al , 1990) In 
Chapter 4, a study is presented describing the interaction of GVP with ssDNA with the aid 
of spin-labeled oligonucleotides (see also Folkers et a l , 1993b) Binding of these 
oligonucleotides to GVP results in broadening of resonances of amino acids which are in 
close vicinity to the spin-label In particular, this applies to residues Argl6, Glyl8, Ser20, 
Arg21, Lys24, Tyr26, Leu28, Lys46, Thr48, Asp50, Glu51, Gln72, Phe73, Gly74, Ser75, 
and Arg80 Combination of the results of the NMR structure analysis and NMR spin-
labeled oligonucleotide binding studies visualizes the location of the DNA binding domain 
In Figure 10, a ribbon drawing of the average GVP Y41H structure is depicted, showing 
only the side chains of those residues implicated in DNA binding One can recognize two 
ssDNA binding clefts per protein dimer The ssDNA must be clamped between the 
flexible DNA binding loop (residues 16-28) and the tip of the dyad loop of the symmetry-
related monomer (residues 71 -7*S) Hereby, a part of the complex loop of the protein 
(residues 44-51) which runs contiguous to the DNA binding loop is also in close vicinity 
to the DNA In addition, residue Arg 80 originating from the same monomer as the DNA 
binding loop residues is part of the DNA binding clefts of the protein The ssDNA is 
running along one of the sides of the 13-ladders of the DNA binding loop made up of its 
even-numbered residues Strikingly, the side chain of Tyr26 is bend over to Gly 18 of the 
opposite strand (see Figure 10) The even-numbered residues of the ß-strand composed of 
residues 44-49 are positioned on the surface of the protein and may also be interacting 
with ssDNA 
The non-specific binding of ssDNA to GVP is driven by an electrostatic interaction 
between the sugar-phosphate backbone of the nucleic acid and the positively charged side 
chain residues of the protein (Alma et a l , 1983, Bulsink et al , 1985, 1988a,b, Stassen et 
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Figure 10. Ribbon drawing of the backbone of the average energy minimized structure of Mi i 
GVP Y41H with only those amino acid side chains shown which are in close vicinity to the 
DNA. a) view with the two-fold symmetry axis perpendicular to the plane of the illustration b) 
view with the two-fold axis parallel to the illustration. 
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al , 1992) Electrostatic calculations of the protein reveal that the protein's DNA binding 
region indeed has a high positive electrostatic potential due to the presence of several 
arginine and lysine side chain residues (data not shown) In addition the DNA binding 
domain contains several hydrophobic residues (Tyr26, Leu28, Phe73) for which indications 
have been found that they participate in hydrophobic (stacking) interactions with the 
nucleotide bases (King & Coleman, 1987, de Jong et a l , 1987) The surface accessibility 
of those residues is high which indeed indicates that their interaction with the hydrophobic 
nucleotide bases would be energetically favourable (see Figure 6) 
The preference of GVP for binding only single-stranded nucleic acids can be 
rationalized in terms of the sizes of the two binding channels which simply cannot 
accommodate a double-stranded DNA helix In this respect, it is of interest to consider the 
structure of the protein DNA-binding protein II from Bacillus stearothermophilus (Tanaka 
et al , 1984) The structure features a compact dimer with two extended arms This 
histone like protein binds non-specifically to single-stranded and double-stranded DNA as 
well as to RNA Several other members of this class of proteins have been identified such 
as the HU proteins of Escherichia coll (Rouviere-Yamv & Kjeldgaard, 1979) The 
extended arms of the protein have been implicated in DNA binding through a similar 
electrostatic mechanism as in the gene V protein The arms can easily embrace a double 
stranded DNA helix without the interference of another part of the protein, which is an 
indication that the geometry of the molecule and consequently of its binding site, 
determines its preference for either single-stranded and/or double stranded DNA 
molecules The geometry of GVP Y41H is such that the dyad domains of both symmetry 
related monomers fill the cavity between the flexible DNA binding loops (see Figures 4 & 
10) 
The M13 gene-V protein structure is one of the only structures known so far which 
belongs to the class of proteins which solely bind to single-stranded DNA It is 
homologous in amino acid sequence to the gene-V protein encoded by the bacteriophage 
IKe which are compared in Chapter 1 (Peeters et al , 1983) Its amino acid sequence also 
exhibits a low degree of homology with that of the ssDNA binding protein encoded by the 
phage Pt3 (Luiten el a l , 1985) The IKe GVP has also been studied with NMR and its 
Solution structure of M13 GVP Y41H 135 
three-dimensional structure elucidation is in progress (van Duynhoven et al, 1992, 1993) 
Functionally and structurally important amino acids are conserved or semi-conservatively 
replaced among M13 and IKe GVP which can be explained on the basis of the solution 
structure of GVP Y41H Key residues involved in ssDNA binding are among those The 
residues of the DNA binding loops of both proteins are also strikingly well conserved in 
the amino acid sequence of Pf3 (de Jong et al, 1989) Other functionally important surface 
residues are those involved in protein-protein interactions, most notably the tyrosines at 
position 41 and position 42 in respectively M13 wild-type GVP and IKe wild-type GVP 
(Folkers et al, 1991a, van Duynhoven et al, 1992) 
The interior of the hve-stranded ß-barrel in the GVP Y41H monomers is composed of 
hydrophobic residues which are (semi)-conserved among M13 and IKe GVP These 
residues are important for maintaining the structural integrity of each monomer In this 
respect, the conservation of residue Tyr56 is also of interest Residue Tyr56 is part of the 
irregular connecting bend (residues 53 59) and is in close proximity to the hydrophobic 
residues Неб, Ilc47, and Tyrol thereby further stabilizing the hydrophobic interior of the 
barrel The loop structure of the irregular connecting bend (residues 53-59) is stabilized by 
the tyrosines at position 56 and 61 The side chain of Tyr61 is thereby strongly 
immobilized Its hydroxy proton is slowly exchanging with the solvent (see results), 
indicating its involvement in a possible hydrogen bond which could as yet not be 
unambiguously identified The structurally important hydrophobic residues stabilizing the 
dimer structure of M13 and IKe GVP are (semi)-conserved such as the hydrophobic 
residues of the dyad loop (Phe68, Val70, Leu76 and Ile78 in M13 and Phe69, Ile71, Val77 
and Val79 in IKe) The complete tertiary structures of the ssDNA binding proteins of the 
phages IKe and Pf3 remain to be elucidated Given the data available for IKe GVP, it is 
expected that this protein, and probably also the Pf3 DBP, has a similar architecture as the 
M13 gene V protein 
The protein fold of M13 GVP as described in this paper is apparently not unique for 
this family of ssDNA binding proteins but is in fact similar in part with tne folding motif 
observed in several proteins which bind to either oligonucleotides or oligosaccharides 
(Murzin, 1993) This folding motif, designated earlier OB-fold, features a five-stranded ß-
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sheet coiled to form a closed ß-barrel capped by an α-helix located between the third and 
fourth strands. GVP is not identical to this folding motiv as it has an irregular connection 
between the third and fourth strands instead of the α helix and lacks the hydrogen bonds 
between the first and fifth ß-strands to form a closed ß-barrel. However, superposition of 
the GVP on for example that of the B-subunit of verotoxin 1, one of the oligosaccharide 
binding proteins, reveals that the oligomer binding sites for both proteins are situated in a 
common position (Stein et al, 1992; Murzin, 1993). This suggests that the five-stranded ß-
barrel observed in gene V protein may be common to wide variety of ligand binding 
proteins. 
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Summary 
In the living cell, the intermolecular relationships between nucleic acids and proteins play 
important roles in genetic processes, such as DNA replication, repair and recombination A 
fundamental understanding of these processes at the sub-molecular level, requires a detailed 
structural knowledge of the proteins involved and of their complexes with DNA To date, 
most of our knowledge regarding protein-DNA interactions pertains to the double-stranded 
DNA binding proteins By contrast, detailed knowledge at the molecular level, of single-
stranded DNA binding proteins and their complexes with DNA, is very scarce or even absent, 
notwithstanding their important biological functions The single-stranded DNA binding protein 
encoded by gene V of the bacteriophage M13 (M13 GVP) has been the most extensively 
studied representative of the ssDNA binding protein family and serves as a model system for 
protein-ssDNA interactions Its crystal structure was reported in 1983 and subsequently 
models describing the complex of the protein with single-stranded DNA have been presented 
As discussed in Chapter 1 and further throughout this thesis, the crystal structure and 
consequently also the proposed ssDNA-GVP interaction models are not consistent with current 
experimental data obtained for GVP in solution We have therefore decided to embark on a 
nuclear magnetic resonance (NMR) study aimed at resolving the solution structure of M13 
GVP This study is an essential step towards a complete structural understanding of the GVP 
function The structural studies of the protein involved different stages which are addressed 
in Chapters 2 through 6 
Chapter 2 describes the solution properties of both wild-type and a number of single-site 
mutants of GVP GVP has a strong tendency to aggregate at moderate protein concentrations 
It was established that residue Tyr41 of the protein contributes to this protein - protein 
aggregation to a great extent Substitution of this crucial residue for His or Phe resulted in 
proteins with a significantly enhanced solubility The NMR study allowed a full assignment 
of the aromatic resonances of the protein It was confirmed using spin-labeled 
oligonucleotides that the only aromatic residues involved in ssDNA binding are Tyr26 and 
Phe73 
The structural characterization of the protein requires the assignment of its H-NMR 
spectrum Chapter 3 describes an NMR study exploiting the soluble GVP mutant Tyr41 —> 
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His (Y41H) to enable the interpretation ot the H-NMR spectrum Assignments were obtained 
for virtually all backbone and some side-chain resonances In addition, the secondary structure 
of the protein could be deduced It was established that wild-type and mutant GVP share the 
same secondary structure Comparison of the secondary structure of the protein in solution 
with that of the reported crystal structure revealed significant differences in the precise 
location of residues throughout the protein 
By virtue of the resonance assignments made, the single-stranded DNA binding domain 
of M13 GVP could be further explored with the aid of the spin-labeled oligonucleotide 
d(A)3 This is described in Chapter 4 Binding of this ligand causes hnebroadening of 
resonances close to the spin-label which were visualized by 2D-difference spectroscopy In 
this way, an enormous data reduction was accomplished which in turn facilitated spectral 
assignments for a part of the protein By putting the results of the spin-labeled oligonucleotide 
binding experiments within the framework ot the protein's secondary structure, it became 
clear that the amino acids that are part of a single DNA binding path are distributed over both 
subunits of the GVP dimer 
The NMR data also implied that the DNA binding path is located in a different position than 
in previously described model building proposals which had been based on the crystal 
structure and solution data 
Chapter 5 addresses the problem of distinguishing between intra- and intersubunit nuclear 
overhauser effects in regular NOESY spectra of symmetric dimer proteins such as GVP In 
principle, the contributions of intra- and intersubunit effects to a total NOE cross-peak are 
indistinguishable, thereby severely hampering the structure determination of dimenc proteins 
A novel NMR experiment is presented designed to overcome this ambiguity problem The 
method is based on the formation of heterodimers consisting of C-labeled and unlabeled 
monomers for which intersubunit NOEs can be selected utilizing NMR experiments based on 
heteronuclear double-half-fliters 
Finally, in Chapter 6 the solution structure of the M13 GVP mutant Y41H is described 
Heteronuclear 3D NMR experiments were performed to enable the extraction of structural 
restraints additional to those obtained from the analysis ot regular 2D experiments The 
calculation strategy involved two stages, first the structures of monomers were obtained using 
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'distance geometry on the basis ot approximate interproton distances corresponding to a set 
ot solely intra-subunit NOEs Then, the structures of dimers were calculated employing 
'simulated annealing' protocols using the monomer structures as a starting set on the basis 
of interproton distances corresponding to all NOEs A novel calculation strategy was 
employed which in principle made the actual assignment of NOEs as intra- and intersubunit 
superfluous In addition, the results obtained from the asymmetric labeling experiment as 
described in Chapter 5 were incorporated A family of 20 structures was obtained for the 
mutant GVP The solution structure of mutant GVP is in excellent agreement with much of 
the existing biochemical and biophysical data of the protein and provides a clear view of its 
single stranded DNA binding path 
Samenvatting 
In alle levensprocessen waarbij erfelijk materiaal wordt vermenigvuldigd, gerecombineerd 
of lot expressie wordt gebracht, spelen interacties tussen nucleinezuren en eiwitten een 
essentiële rol Teneinde een fundamenteel inzicht in deze processen te verkrijgen is het van 
belang om de ruimtelijke struktuur van de betrokken eiwitten en die van hun complexen met 
DNA te kennen Tol op heden zijn op dit niveau voornamelijk eiwitten welke een interactie 
met dubbel-strengs DNA aangaan bestudeerd Daarentegen reikt onze kennis op het gebied 
van de enkel-strengs (es) DNA bindende eiwitten veel minder ver Van de klasse van esDNA 
bindende eiwitten is het gen V eiwit (GVP), dat door het bactenele virus M13 wordt 
gecodeerd, het meest uitgebreid bestudeerd en staat dan ook model voor esDNA eiwit 
interacties Een kristalstruktuur van dil eiwit werd voor het eerst in 1983 gepubliceerd en 
daaropvolgend zijn op grond van deze structurele gegevens diverse modellen, die de interactie 
tussen GVP en enkel-strengs DNA beschrijven, geformuleerd Zoals aangeduid in dit 
proefschrift, zijn er evenwel discrepanties gevonden tussen deze kristalstruktuur en de esDNA-
GVP interactiemodellen enerzijds en de experimentele biofysisch-chemische gegevens 
verkregen over het gen V eiwit in oplossing anderzijds Deze bevindingen hebben ons doen 
besluiten om met behulp van kernspinresonantie (engelstalige afkorting NMR) de slruktuur 
van GVP in oplossing op Ie helderen Het uiteindelijke doel is de architektuur van GVP te 
begrijpen in het kader van de vervulling van haar diverse functies, waarbij de interacties van 
het GVP met esDNA en andere GVP moleculen centraal slaan 
Het verloop van het proces van de opheldering van de oplossingstruktuur van GVP staat 
beschreven in opeenvolgende hoofdstukken van dit proefschrift In Hoofdstuk 2 worden de 
oplosbaarheidseigenschappen van het wild-type en enkele mutant M13 GVP eiwitten 
bestudeerd met behulp van NMR Wild-type GVP bezit een sterke neiging tot aggregatie bij 
eiwitconcentraties die optimaal zijn voor NMR onderzoek Het kon worden vastgesteld dat 
het tyrosine residu op positie 41 van grote invloed was op dit specifieke eiwit - eiwit 
aggregatie effect Substitutie van dit residu voor een fenylalanine of een fastidine residu 
leverde een eiwit op met sterk verbeterde oplosbaarheidseigenschappen Met behulp van hel 
in dil hoofdstuk beschreven NMR onderzoek konden de protonresonanties van alle 
aromatische aminozuren volledig worden toegekend Tevens kon worden bevestigd dat de 
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tyrosine op positie 26 en de tenylalanine op positie 73 de enige twee aromatische residuen 
zijn die bij esDNA binding van GVP zijn betrokken 
Om de struktuur van eiwitten met behulp van NMR le kunnen ophelderen dient allereerst 
het protonspectrum van het eiwit Ie worden geïnterpreteerd Dit is beschreven in Hoofdstuk 
3 Hiertoe is gebruik gemaakt van de M13 GVP mutant Tyr41 —> His (Y41H), welke door 
haar relatief hoge oplosbaarheid, de uitvoering van de benodigde NMR experimenten mogelijk 
maakte Voor de meeste protonen van het eiwit konden de resonanties worden toegekend 
Tevens kon uit deze resultaten de secundaire struktuur van het molecuul worden afgeleid 
Vergelijking van de NMR gegevens van de Y41H mutant GVP met die van het wild-type 
molecuul leidde tot de conclusie dat beide moleculen een identieke secundaire struktuur 
bezitten Vergelijking van de NMR struktuur en de knstalstruktuur op secundair struktuur 
niveau brachten duidelijke verschillen aan het licht met betrekking tot de exacte locatie van 
de residuen in het eiwit 
Aan de hand van de toekenningen van de protonresonanties kon het DNA bindingsdomein 
van GVP verder worden bestudeerd met behulp van het gespinlabelde DNA fragment d(A)j 
Deze studies slaan beschreven in Hoofdstuk 4 De specifieke lijnverbredingen van de 
protonresonanties van de aminozuren van het DNA bindingsdomein werden met 2D-
verschilspectroscopie zichtbaar gemaakt De verschilspectra bieden de mogelijkheid om op 
een relatief eenvoudige wijze een deel van het eiwitspectrum toe te kennen Door de 
uitdovingspatronen te correleren aan de secundaire struktuur van hel eiwit werd duidelijk dat 
elk van de twee DNA bindingsdomeinen over beide monomeren van het GVP dimeer ligt 
verdeeld Belangrijk was te constateren dat het DNA bindingspad dat uit deze NMR studies 
naar voren kwam niet in overeenstemming is met de eerder beschreven modellen van het 
esDNA-GVP complex 
In Hoofdstuk 5 wordt aandacht besteed aan het feit dat in homodimeer eiwitten zoals GVP, 
de Overhauser effecten (indicatief voor korte protonafstanden) welke binnen een monomeer 
(intra) voorkomen niet onderscheiden kunnen worden van die welke voorkomen tussen de 
verschillende monomeren (inter) Om de struktuur van het eiwit te kunnen bepalen dient deze 
ambivalentie Ie worden opgelost Dit kan worden bereikt middels een nieuwe experimentele 
NMR methode welke in dit hoofdstuk staat beschreven Daartoe dienen zogenaamde 
12 
heterodimeren te worden gemaakt, dat wil zeggen dimeren welke uit een ongelabelde ( C) 
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en een C-gelabelde component zijn samengesteld Met behulp van deze dimeren kunnen 
inter-monomeer Overhauser effecten worden geïdentificeerd door middel van specifieke 
heteronucleaire NMR experimenten 
In het laatste Hoofdstuk (Hoofdstuk 6) staan de studies beschreven welke uiteindelijk tot 
de oplossingstruktuur van de M13 GVP mutant Y41H hebben geleid Om additionele, voor 
de struktuurbepaling onmisbare afstandsrestricties te verkrijgen zijn heteronucleaire drie-
dimensionale NMR metingen uitgevoerd Deze afstandsrestricties corresponderen met de 
intensiteiten van de toegekende Overhauser effecten De struktuur werd berekend in twee 
stappen Eerst werd de struktuur van monomeren berekend met behulp van 'distance 
geometry' op basis van een afstandenset die enkel met intra-monomeer Overhauser effecten 
correspondeerde Vervolgens werd de struktuur van de dimeer moleculen met behulp van 
moleculaire dynamica berekend Hierbij werd uitgegaan van de reeds berekende 
monomeerstrukturen De struktuurberekening vond plaats op grond van een afstandenset 
overeenkomende met alle toegekende Overhauser effecten waarbij gebruik werd gemaakt van 
een nieuwe berekeningsstrategie welke het eerder bepaalde onderscheid tussen intra- en mter-
monomeer Overhauser effecten in principe overbodig maakt In de berekeningen werden 
tevens de resultaten van het in Hoofdstuk 5 beschreven asymmetrische labelingsexpenment 
meegenomen Uiteindelijk werd een familie van 20 strukturen berekend welke de 
oplossingstruktuur van de M13 GVP mutant Y41H representeren De struktuur is volledig in 
overeenstemming met de reeds bekende biochemische en biofysische eigenschappen van GVP 
en geeft tevens een duidelijk ruimtelijk beeld van het DNA bindingspad 
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